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ABSTRACT
Olfaction, the sense of smell, allows animals to perceive the multitude of volatile
and nonvolatile molecules present in the environment. In many mammals, such as mice
and rats, there are four unique chemosensory organs including the (1) main olfactory
epithelium (MOE), (2) septal organ, (3) Grüneberg ganglion, and (4) vomeronasal organ
(VNO). While the VNO detects some general volatile odorants, it is further specialized
for the detection of behaviorally relevant nonvolatile odorants or pheromones. In
rodents, the VNO is encased within a bony capsule and located at the base of the nasal
cavity. Odorants are detected by vomeronasal sensory neuron (VSN)s, bipolar neurons
with a single axon that projects to the accessory olfactory bulb of the brain and a single
dendrite capped with microvilli that project into the lumen of the VNO. In the MOE,
purinergic signaling through adenosine 5’-triphosphate (ATP) gated ionotropic P2X and
G-protein coupled P2Y receptors contributes a neuroprotective and neuroregenerative
pathway. As virtually nothing was known about purinergic signaling in the VNO, I set
out to characterize the (1) presence of the purinergic receptors and (2) ATP release
pathways. In isolated VSNs, ATP elicited an increase in intracellular calcium ([Ca2+]I)
and an inward current with similar potency. Adenosine and the P2Y receptor agonists
adenosine 5’-diphosphate (ADP), uridine 5’-triphosphate (UTP), and uridine 5’diphosphate (UDP) were ineffective. The increase in [Ca2+]I was dependent upon
extracellular calcium and the inward current elicited by ATP was partially blocked by the
P2X receptor antagonists pyridoxal-phosphate-6-azophenyl-2’,4’-disulfonate (PPADS)
and 2',3'-O-(2,4,6-trinitrophenyl) adenosine 5'-triphosphate (TNP-ATP). When coapplied
with the natural stimulus dilute urine, ATP increased the inward current above that
elicited by either dilute urine or ATP alone. Furthermore, ADP hyperpolarized the
voltage dependence of steady state inactivation of voltage activated sodium current (INa)
in a subset of VSNs. The hyperpolarization in the voltage dependence of steady state
inactivation elicited by ADP was blocked in the presence of suramin, a purinergic
receptor antagonist, but similar to that produced by 1-oleoyl-2-acetyl-sn-glycerol (OAG),
a membrane permeable protein kinase C (PKC) activator. Neither ATP nor ADP affected
the voltage dependence of activation, fast inactivation, or time dependent recovery from
inactivation. Interestingly, ADP reversibly increased spike frequency but did not change
an action potential’s amplitude, latency, halfwidth, or threshold voltage. Accordingly, we
detected gene expression of the P2X1 and 3 as well as P2Y1, 2, and 6 receptors in the
VNO and localized the P2Y1 and 2 receptors to isolated VSNs. Thus, excitability in
VSNs can be enhanced by (1) ATP eliciting an inward current through P2X receptors and
(2) ADP decreasing spike adaptation during persistent firing presumably through P2Y
receptors. Moreover, one possible source of ATP may be from mechanical stimulation of
the VNO that accompanies vasomotor pump activation.
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CHAPTER 1: INTRODUCTION
1.1. General Overview of Olfaction
Sensory systems allow animals to detect changes in the environment and respond
appropriately. This has been accomplished through the evolutionarily driven
development of specialized organs, such as eyes for vision and ears for audition, and
refinement of neuronal networks in the brain. The conversion of raw environmental
energy by the senses into electrical activity in the brain represents the processes of
sensation and perception respectively. Amongst the various sensory systems, the
chemical senses are the oldest and most primitive way by which animals interact with
their environment. Olfaction, the sense of smell, is involved in proper nutrition, foraging,
aggression, mating, and avoidance of predators amongst many other behaviors. Any
animal’s niche, including plants, conspecifics, and other species that coinhabit it, are
constantly releasing volatile and nonvolatile molecules. Through normal respiration (i.e.
volatile odorants) and physical contact (i.e. nonvolatile odorants), the released molecules
gain access to the nasal cavity where they can be detected. The study of olfaction, like
many other fields in neuroscience, has benefited immensely from the use of rodents as
model systems. In rodents, there are four distinct chemosensory organs including the (1)
main olfactory epithelium (MOE), (2) septal organ, (3) Grüneberg ganglion, and (4)
vomeronasal organ (VNO; Figure 1.1).
The MOE detects general volatile odorants, such as those released from food
during mastication, and some behaviorally relevant volatile odorants. Within the MOE,
olfactory sensory neuron (OSN)s are a group of bipolar chemosensory receptor cells with
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a single axon that projects to discrete processing units in the olfactory bulb of the brain,
the glomeruli, and a single ciliated dendrite that projects into the nasal mucosa. Gprotein coupled odorant receptors are expressed on the cilia. Odorant receptor activation
triggers the production of cyclic adenosine 5’-monophosphate (cAMP) by adenylyl
cyclase (AC) through Gαolf. cAMP dependent gating of nonselective cation channel
(CNC)s leads to membrane depolarization and the propagation of action potentials to the
olfactory bulb, constituting the major pathway for signal transduction in OSNs (reviewed
in Buck, 1996). The MOE is currently understood to function cooperatively with the
VNO in the detection of some behaviorally relevant volatile odorants. However, the
VNO is specialized to also detect behaviorally relevant nonvolatile odorants such as
certain secretions concentrated in urine and exocrine gland fluids. The VNO is further
distinct from the MOE in the morphology of the chemosensory neurons, the pathway
used for signal transduction, and the projections to the brain. This chapter broadly
reviews the available literature concerning the VNO, purinergic receptors, and sodium
channels.
1.2. Accessory Olfactory System
1.2.1. Vomeronasal Organ
The VNO is found in many mammals, amphibians, and reptiles. In rodents, the
VNO is a paired tubular structure that is encapsulated by cartilage and located at the base
of the nasal cavity. Unlike the MOE, which has direct contact with nasal airflow, the
VNO is only connected to the nasal cavity by the nasopalatine duct. Within each half of
the VNO, the sensory epithelium houses vomeronasal sensory neuron (VSN)s, a group of
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bipolar chemosensory receptor cells. Each VSN has an axon that projects to the
glomeruli of the accessory olfactory bulb (AOB) and a dendrite capped in microvilli that
project into the lumen of the VNO. In addition to VSNs, the sensory epithelium is also
composed of supporting cells and basal progenitor cells. Conversely, the nonsensory
epithelium is principally made up mucosal glands and ciliated respiratory cells. Unlike
the MOE, the sensory and nonsensory epithelia of the VNO are highly vascularized.
Anatomically, the sensory epithelium can be delineated by its proximity to the midline of
the VNO and the absence of a large blood vessel that is only present in the nonsensory
epithelium (Figure 1.2).
The large blood vessel of the nonsensory epithelium, which receives sympathetic
innervation from the superior cervical ganglion, has been the topic of considerable
investigation in the context of the VNO’s physical displacement from the nasal cavity. In
anesthetized hamsters, stimulation of the nasopalatine nerves produced a pumping of the
VNO. It was hypothesized that arousal of the animal, which presumably would lead to
sympathetic activation, drove a vasomotor pump and delivery of odorants to the lumen
(Meredith and O’Connell, 1979). In support of this hypothesis, guinea pigs exhibited
fluorescent staining of the VNO only after being exposed to urine containing rhodamine
red and not rhodamine red alone (Wysocki et al., 1980). Further confirmation of this
hypothesis was provided with the observation that in freely behaving male hamsters, the
vasomotor pump was active when the male hamsters were exposed to a novel
environment (i.e. new cage) or a sexually receptive female hamster (Meredith, 1994).
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Moreover, the vasomotor pump of the VNO appears to be a common feature amongst
rodents and guinea pigs (Ben-Shaul et al., 2010).
1.2.2. Accessory Olfactory Bulb
The AOB, which is subdivided into the posterior and anterior AOB, is located at
the base of the brain under the frontal lobes. The AOB is the initial site of sensory
integration from the vomeronasal nerve. Much like the main olfactory system, each
glomerulus of the AOB is made up of two principle neurons, the granule and mitral cells.
However, the connectivity of the AOB with the rest of the brain is distinct from that of
the main olfactory system. c-Fos immunoreactivity, a molecular marker of neuronal
activity, was detected in the mitral and granule cell layers of the glomeruli, medial
amygdala, medial preoptic area, and bed nucleus of the stria terminalis in male golden
hamsters stimulated by hamster vaginal fluid or the presence of a female golden hamster.
In male golden hamsters whose VNOs were ablated, only sparse c-Fos immunoreactivity
was detected in the brain following exposure to hamster vaginal fluid or the presence of a
female golden hamster (Fernandez-Fewell and Meredith, 1994). Furthermore, induction
of immediate early gene expression was detected by immunohistochemistry in the medial
amygdala of mice exposed to hamster vaginal fluid (Samuelsen and Meredith, 2009).
Thus, the AOB coordinates odorant-driven behaviors through the amygdala and
hypothalamus. Moreover, a diffuse topographical pattern of connectivity exists between
the primary output neurons of the AOB, the mitral cells, and those of the VNO, the basal
(V2R/GαO) and apical (V1R/Gαi) VSNs. Using antibodies specific to GαO and Gαi2, the
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posterior AOB is enriched in GαO while the anterior AOB is enriched in Gαi2 (Jia et al.,
1997; Shinohara et al., 1992).
1.3. Vomeronasal Sensory Neurons
1.3.1. Signal Transduction
Odorants are uniquely processed by VSNs. In VNO membrane fractions. GαO,
Gαi, and to a lesser extent Gαs, were detected by western blot (Luo et al., 1994). In situ
hybridization indicated the expression of GαO and Gαi, which were distributed to the
basal and apical portions of the sensory epithelium respectively, as well as ACII
(Berghard and Buck, 1996). Relative to the MOE, the VNO was devoid of ACIII, Gαolf,
and CNC1, the major components of signal transduction in OSNs (Berghard et al., 1996).
These results were the first molecular evidence for a distinct mechanism of signal
transduction in VSNs. Intracellular dialysis of inositol 1,4,5-trisphopshate (IP3) elicited
an inward current and membrane depolarization in VSNs. The inward current elicited by
intracellular dialysis of IP3 was decreased by ruthenium red, an antagonist of transient
receptor potential channel (TRPC)s (Taniguchi et al., 1995).
Building upon the hypothesis for the role of IP3 production and TRPC activation
in VSNs, seminal fluid increased the production of IP3 from VNO membrane fractions
and was dependent upon the presence of guanosine 5’-triphosphate (GTP). In MOE
membrane fractions, seminal fluid did not increase IP3 levels above those observed at
baseline (Wekesa et al., 1997). Incubation of VNO membrane fractions with antibodies
specific to Gαs and Gαq had no effect on the IP3 production elicited by urine while
antibodies specific to GαO and Gαi decreased the IP3 production elicited by urine
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(Krieger et al., 1999). In the on-cell configuration, urine elicited an increase in spike
frequency of VSNs. The increase in spike frequency elicited by urine was decreased by
neomycin and U73122, both blockers of phospholipase C (PLC), as well as ruthenium
red (Inamura et al., 1997). Through an extensive screening of cDNA libraries produced
with RNA isolated from the VNO, a novel channel termed TRPC2 was cloned. TRPC2
was detected by northern blot solely in the VNO and not in the MOE or brain.
Furthermore, TRPC2 was localized by immunohistochemistry to the microvilli of VSNs
(Liman et al., 1999). Activators of TRPC2, including 1-oleoyl-2-acetyl-sn-glycerol
(OAG), 1,2-dioctanoyl-sn-glycerol, and 1-stearoyl-2-arachidonoyl-sn-glycerol, elicited
an inward current when applied to inside-out patches from the microvilli of VSNs (Lucas
et al., 2003).
The putative pheromone receptor families V1R, V2R, and V3R were cloned from
cDNA libraries constructed with RNA isolated from the VNO. Broadly speaking, V2R
receptors were observed to cluster similarly as GαO and V1R receptors were observed to
cluster similarly as Gαi (Dulac and Axel, 1995; Herrada and Dulac, 1997; Matsunami
and Buck, 1997; Pantages and Dulac, 2000; Ryba and Tirindelli, 1997). However,
additional components used for signal transduction in VSNs have been elucidated.
Arachadonic acid (AA) elicited an increase in intracellular calcium ([Ca2+]I) and inward
current in VSNs (Spehr et al., 2002). AA is a metabolite of diacylglycerol (DAG)
produced by DAG lipase. DAG is synthesized alongside IP3 following PLC activation.
The inward current elicited by urine was decreased by the DAG lipase inhibitor
RHC80267 in VSNs, suggesting the involvement of DAG and AA (Zhang et al., 2008).
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Moreover, the chloride channel blockers 4,4′-diisothiocyanatostilbene-2,2′-disulfonic
acid (Yang and Delay, 2010) and niflumic acid (Kim et al., 2011; Yang and Delay, 2010)
decreased the inward current elicited by urine in VSNs. Furthermore, Ca2+ activated a
single channel conductance when applied to inside-out patches from the dendritic knobs
of VSNs. (Yang and Delay, 2010). Thus, activation of V1R/V2R receptors leads to PLC
mediated production of IP3 and DAG. DAG gates TRPC2 producing an influx of Na+
and Ca2+, the latter of which gates calcium activated chloride channels. Further
downstream, DAG lipase breaks down DAG into AA and activates an inward current that
is independent of TRPC2 (Figure 1.3).
1.3.2. Modulation of Signal Transduction
Little is known about the modulation of signal transduction in VSNs. Although
odor perception is a result of processing by the brain, it relies on the nature of sensory
inputs whose character may change in a fashion dependent upon the animal’s internal
state. Given that the VNO is highly vascularized and intimately linked with a variety of
hormonally influenced behaviors, the modulation of signal transduction in VSNs
represents an exciting and largely unanswered question. Like in the MOE (Eisthen et al.,
2000; Zhang and Delay, 2007), the gonadotropin releasing hormone receptor (GnRHR)
was detected in the VNO and isolated VSNs by immunohistochemistry and cytochemistry respectively. In VSNs, GnRH elicited an inward current that was
decreased by U73122, suggesting the involvement of PLC (Zhang, 2007). Another
hormone receptor, the oxytocin receptor (OXTR), was detected by RT-PCR with RNA
isolated from the VNO. OXTR was detected in the VNO and isolated VSNs by
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immunohistochemistry and -cytochemistry respectively. In a subset of VSNs, OXT
increased spike frequency following depolarization by small amplitude current injections.
OXT also elicited long lasting and wavelike increases in [Ca2+]I in some VSNs, while
eliciting self propagating transient spikes in [Ca2+]I in other VSNs. In VSNs, OXT did
not elicit an increase in [Ca2+]I in the presence of U73122 or the absence of extracellular
calcium ([Ca2+]O), suggesting the involvement of PLC and a nonselective cation channel
(Yang, 2010).
While sulfated steroids are putative mouse pheromones (Nodari et al., 2008),
recent evidence suggests that steroid hormones themselves are modulators of signal
transduction in VSNs. The presence of the classical estrogen receptor (ER)s α and β, as
well as the nonclassical G-protein coupled estrogen receptor (GPER) 30, were detected
by RT-PCR with RNA isolated from the VNO. ERα and GPER30 were detected in the
VNO and isolated VSNs by immunohistochemistry and -cytochemistry respectively. 17
β-estradiol decreased the inward current elicited by urine and the increase in [Ca2+]I
elicited by a mixture of sulfated steroids in VSNs. 17 β-estradiol was detected in the
VNOs from male and female as well as ovariectomized mice, suggesting that one
possible source of 17 β-estradiol in the VNO could be local production (Cherian et al.,
2014). 17 β-estradiol can modulate voltage activated ion channels, in particular the
voltage activated sodium channel (NaV)s in dorsal root ganglion (DRG) neurons (Wang
et al., 2013). However, 17 β-estradiol did not alter the kinetics of NaV or voltage
activated potassium channel (KV)s in VSNs. 17 β-estradiol was similarly without effect
on the increase in [Ca2+]I elicited by a sudden elevation of extracellular potassium in
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VSNs, a proxy for voltage activated calcium (CaV) channels (Cherian, 2014). Thus, 17
β-estradiol appears to exert its effects on the membrane excitability of VSNs through the
modulation of signal transduction.
1.3.3. Ion Channels and Excitability
VSNs are remarkably excitable. Current injections as small as 1 to 2pA are
capable of eliciting of spike trains (Liman and Corey, 1996; Shimazaki et al., 2006;
Ukhanov et al., 2007). This is pertinent for proper sensory encoding as the urine induced
inward current is often highly variable in amplitude, with some reported values being
<10pA (Kim et al., 2011). Basal VSNs (V2R/GαO) were capable of generating higher
frequency spike trains at comparable levels of current injection than apical VSNs
(V1R/Gαi). Moreover, apical VSNs displayed prominent spike adaptation during
prolonged depolarizing current injections. In basal and apical VSNs, the L-type calcium
current (IL) and big conductance calcium activated potassium current (IBK) were required
for persistent firing (Ukhanov et al., 2007).
NaV
NaV1.1, 2, and 3 were detected by RT-PCR with RNA isolated from the VNO
(Fieni et al., 2003) and NaV1.7 was detected by immunohistochemistry on the axons of
VSNs (Rupasinghe et al., 2012). VSNs possess tetrodotoxin-resistant (TTX-R) and
sensitive (TTX-S) sodium current (INa). TTX-R and –S INa activate close to -40mV and
peaked close to 0mV. While the activation time constants (0.3 to 0.6ms) were similar
between TTX-R and –S INa, the half maximal voltage (V1/2) of steady state inactivation of
TTX-R (-94mV) was hyperpolarized relative to that of TTX-S INa (-66mV).
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Furthermore, TTX-R (20ms) recovered slower from steady state inactivation than TTX-S
INa (8ms; Liman and Corey, 1996). In one report, INa was larger in apical relative to basal
VSNs (Fieni et al., 2003). In another report, INa was smaller and the V1/2 of steady state
inactivation was hyperpolarized in apical relative to basal VSNs (Ukhanov et al., 2007).
KV/BK
VSNs display delayed rectifier potassium current (IK), inward rectifier potassium
current, and IBK. IK activated close to -10mV with a V1/2 of activation around -11.5mV
and was decreased by the potassium channel blocker tetraethylammonium (TEA).
Residual tail currents had two distinct inactivation time constants for the rising (2.4s) and
steady state (49s) phases of IK. While no IBK was detected (Liman and Corey, 1996),
later work showed that AA activated an outward current that was sensitive to TEA as
well as iberiotoxin and charybdotoxin, both blockers of IBK (Zhang et al., 2008). In one
report, no difference in IK was reported between apical and basal VSNs (Fieni et al.,
2003). In another report, IK was smaller but IBK was substantially smaller in apical
relative to basal VSNs and could explain the prominent spike adaptation during persistent
firing in apical VSNs (Ukhanov et al., 2007).
CaV
VSNs have N-type calcium current (IN), T-type calcium current (IT), and IL. A
transient calcium current (ICa) was activated close to -60mV and peaked close to -20mV
while a sustained ICa was activated close to -10mV and peaked close to 20mV. The
transient ICa was decreased by Ni2+, a blocker of ICa, but not ω-conotoxin and ω-agatoxinIVa, both blockers of IN. The sustained ICa was decreased by nitrendipine and nifedipine,

10

both blockers of IL, as well as ω-conotoxin-GVIa, a blocker of IN (Liman and Corey,
1996). In one report, IT was smaller in apical relative to basal VSNs but there was no
difference in IL/N between apical and basal VSNs (Fieni et al., 2003). In another report, IT
was also smaller in apical relative to basal VSNs but IL/N was substantially smaller in
apical relative to basal VSNs and could explain the prominent spike adaptation during
persistent firing in apical VSNs (Ukhanov et al., 2007).
1.4. Odorant-Driven Behaviors
In rodents, a number of reproductive behaviors are intimately linked to the
accessory olfactory system. The Bruce effect, whereby female rodents terminate a
pregnancy and return to estrus in the presence of a strange male rodent, was decreased in
a group of female mice whose VNOs were ablated (Bellringer et al., 1980). The Whitten
effect, when female rodents spontaneously ovulate in the presence of male rodents, is
also mediated by the VNO. The number of male urine induced spontaneous ovulations in
female rats following disruption of the estrus cycle by continuous light exposure was
decreased in female rats whose VNOs were occluded (Johns et al., 1978). The Lee-Boot
effect, whereby female rodents suppress the estrus cycle in the presence of other female
rodents, was decreased in a group of female mice whose VNOs were ablated (Reynolds
and Keverne, 1979). Lastly, the Vandenbergh effect, when prepubescent female rodents
reach the first estrus cycle faster in the presence of male rodents, was decreased in a
group of female mice whose VNOs were ablated (Lomas and Keverne, 1982).
Various urinary nonvolatiles and exocrine gland secretions have been identified as
putative mouse pheromones. Field potential recordings in the VNO from the luminal
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surface of the sensory epithelium revealed evoked potentials in the presence of major
histocompatibility complex (MHC) class one molecules (Leinders-Zufall et al., 2004). A
mixture of sulfated androgens, estrogens, pregnenolones, and glucocorticoids increased
[Ca2+]I in VSNs (Nodari et al., 2008). In addition to MHC class one molecules and
sulfated steroids, small peptides have also been identified as putative mouse pheromones.
Specifically, field potential recordings in the VNO from the luminal surface of the
sensory epithelium revealed evoked potentials in the presence of a peptide purified from
the extraorbital lacrimal gland, exocrine gland-secreting peptide 1 (Kimoto et al., 2005).
In addition, mouse major urinary proteins have been proposed to bind pheromones and
concentrate them in urine (Bacchini et al., 1992). Despite the apparent progress in
pheromone identification, connecting a specific behavior with a particular pheromone has
remained difficult to show definitively (Doty, 2010). Regardless, ablation of the VNO or
genetic deletion of key signal transduction components in VSNs, such as TRPC2, leads to
disturbances in sexual and aggressive behaviors (Stowers et al., 2002).
1.5. Purinergic Signaling
1.5.1. Brief Historical Perspective
Purinergic signaling refers to the extracellular physiological actions of various
purine and pyrimidine nucleotides. Adenosine 5’-triphosphate (ATP), the prototypical
purinergic receptor agonist, was long thought to only be the energy carrier of living cells.
In 1929, Drury and Szent-Györgyi were the first to show that intravenous infusion of
various bovine and sheep tissue extracts containing adenylic acid (adenosine 5’monophosphate) resulted in a slowing of heart rate and decrease in arterial pressure of
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guinea pigs. Building upon this work, an indication of a richer pharmacology was
observed when serial reductions in the number of phosphates of ATP increased the
potency with which vasodilation occurred when injected into canulized jugular veins of
the rabbit and cat (Gillespie, 1934). ATP and its breakdown product adenosine 5’disphosphate (ADP) resulted in vasodilation in rabbit ears when injected into canulized
arteries. Going further, stimulation of the great auricular nerve produced a similar
vasodilation in rabbit ears as arterial injections of ATP and ADP (Holton and Holton,
1954). In 1959, Holton demonstrated that stimulation of the great auricular nerve of
rabbits resulted in the release of ATP.
In smooth muscle cells of the guinea pig and rabbit colon, stimulation of intrinsic
pelvic nerves resulted in inhibitory junction potential (IJP)s that were insensitive to
guanethidine, a blocker of noradrenergic synaptic release (Furness, 1969). Moreover,
following selective degeneration of the noradrenergic nerve fibers innervating the smooth
muscle cells of the guinea pig colon, stimulation of the remaining nerves was capable of
eliciting IJPs (Furness, 1969). These early studies on the vasoactive properties and
influence on colonic motility by purine nucleotides were the foundation for the
emergence of the nonadrenergic, noncholinergic (NANC) nerve hypothesis. Burnstock
(1972), through an extensive survey of the available literature, showed that ATP satisfied
the five criteria of a neurotransmitter in NANC nerves: (1) synthesized in the neuron, (2)
released from the axon of the neuron, (3) mimicked stimulation of the neuron’s axon, (4)
presence of a clearance mechanism, and (5) drugs that disrupted synaptic transmission
also disrupted the effect produced by the putative neurotransmitter. In 1993, two groups
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independently cloned the first G-protein coupled purinergic receptors from NG108-15
cells (P2Y2; Lustig et al., 1993) and embryonic chicken brain (P2Y1; Webb et al., 1993).
The following year, two more groups independently cloned the first ionotropic purinergic
receptors from PC12 cells (P2X1; Brake et al., 1994) and rat vas deferens (Valera et al.,
1994).
1.5.2. Ionotropic P2X Receptors
There are currently seven known isoforms of the ionotropic P2X receptor (P2X17). Each subunit has two transmembrane domain (TM1 and 2)s, intracellular C- and Ntermini, and a large cysteine rich extracellular loop (Newbolt et al., 1998; Torres et al.,
1998; Figure 1.4). The combination of three subunits forms a functional P2X receptor
(Nicke et al., 1998 and 2003). Similar subunits can combine to form functional
homotrimers (i.e. P2X2), while dissimilar subunits can also combine to form functional
heterotrimers (i.e. P2X2/3; Jiang et al., 2003) that have distinguishing biophysical
properties such as differential Ca2+ permeability and deactivation kinetics. Moreover,
some subunits (i.e. P2X6) appear to be nonfunctional if present only as homotrimers
(Egan and Khakh, 2004). Repeated or prolonged activation of P2X2 (Fisher et al., 2004;
Khakh et al., 1999), 2/3, 4, and 7 (Khakh et al., 1999) receptors leads to distinct changes
in ion permeability. While ATP is the endogenous P2X agonist, a well characterized
pharmacology exists. Accordingly, numerous synthetic agonists and antagonists with
concentration dependent selectivities amongst the different P2X receptors are
commercially available.
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The single channel properties of P2X2 receptors have been well characterized. In
HEK 293 cells transfected with P2X2 receptors, single channel conductances were
observed in outside-out patches in the presence of ATP. There was significant flickering
of the single channel conductance indicating the resolution of various subconducting
states. In the presence of symmetric Na+ with and without divalent cations (i.e. Mg2+ and
Ca2+), P2X2 currents exclusively displayed inward rectification. The ionic permeability
of P2X2 receptors was determined to be K+ > Rb+ > Cs+ > Na+ > Li+ (Ding and Sachs,
1999). In Xenopus laevis oocytes transfected with P2X2 receptors, at least four different
channel states were observed in outside-out patches in the presence of ATP (C, O1, O2,
and O3). When a patch containing a single channel was compared to those containing
either two or more channels, it was observed that the mean open times of the various
states increased (Ding and Sachs, 2002). Thus, activated P2X2 receptors work
cooperatively to facilitate the activation of the available channel pool.
Prior to the elucidation of the P2X4 crystal structure (Kawate et al., 2009), many
studies involving mutagenesis of P2X2 receptors provided an invaluable framework for
the evaluation of structure and function. In HEK 293 cells transfected with P2X2
receptors, Ag2+ reversibly potentiated wildtype P2X2 currents (Egan et al., 1998; Haines
et al., 2001). Within TM2, I328C, V343C, and L353C mutant currents were irreversibly
attenuated by Ag2+ (Egan et al., 1998; Figure 1.4). Within TM1, I50C, K53C, and S54C
mutant currents were also irreversibly attenuated by Ag2+ (Haines et al., 2001; Figure
1.4). Ag2+ can theoretically only interact with accessible and thus water exposed residues
(Egan et al., 1998; Haines et al., 2001). Thus, the pore is located within TM1 and 2 of
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P2X2 receptors. Notably, ATP was considerably less potent at H33C, R34C, and K53C
mutant than wildtype P2X2 receptors, suggesting that at least some residues in TM1
contributed to channel gating (Haines et al., 2001; Figure 1.4). To better understand the
contribution of TM1 to the gating of P2X receptors, P2X chimeras were produced by (1)
fusing the extracellular domain of P2X2 with P2X1 receptors, (2) fusing TM1 of P2X1
with P2X2 receptors, and (3) fusing TM1 of P2X3 with P2X2 receptors. The P2X1 and 3
agonist α,β-methylene ATP was capable of activating each P2X chimera (Haines et al.,
2001). Thus, TM1 confers some of the unique channel gating properties amongst P2X1,
2, and 3 receptors. Additional TM1 and 2 mutants including V48C/I328C, but not V48C
or I328C alone, exhibited a partial recovery to wildtype P2X2 currents following
reduction of a presumed disulfide linkage by dithiothreitol (Jiang et al., 2001; Figure 1.4).
Thus, channel gating occurs cooperatively between TM1 and 2 of P2X2 receptors.
In order to investigate the calcium permeability of P2X2 receptors, a series of
TM2 mutants were expressed in HEK 293 cells. While a number of different mutations
of D315, T330, S345, and D349 were without affect, N333I (larger and hydrophobic),
T336V, T339V, and S340A (no negative charge) significantly decreased the calcium
permeability of P2X2 receptors (Migita et al., 2001; Figure 1.4). The calcium
permeability of various P2X receptors has also been investigated using patch clamp
photometry. Briefly, recordings of whole cell current are made simultaneously with and
compared to recordings of fura-2 fluorescence. All seven P2X isoforms, with the
exception of P2X6 receptors, displayed some degree of calcium permeability. However,
P2X1, 2, and 4 receptors displayed the greatest calcium permeability when compared to
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P2X3, 5, and 7 receptors. Mutations in TM2 of P2X2 receptors to more sterically
hindered residues including T339Y and S340Y, as well as mutations to uncharged
residues including T336V, T339V, and S340A, significantly decreased the calcium
permeability (Egan and Khakh, 2004; Figure 1.4). Thus, a calcium selectivity filter is
located within TM2 of P2X2 receptors.
1.5.3. G-Protein Coupled P2Y Receptors
There are currently eight known isoforms of the G-protein coupled P2Y receptor
(P2Y1, 2, 4, 6, 11, 12, 13, 14). Sequencing of the first successfully cloned P2Y receptors
indicated the presence of seven putative transmembrane domains characteristic of Gprotein coupled receptors. In combination with their only modest sequence homology to
the thrombin and angiotensin II receptors, the P2Y receptors were determined to be
unique members of the G-protein coupled receptor family (Lustig et al., 1993; Webb et
al., 1993). In addition, site directed mutagenesis of P2Y1 receptors has implicated the
extracellular domains of TM3 (Erb et al., 1995), 6, and 7 (Jiang et al., 1997) as the
putative ligand binding domain. Through sequence analysis and alignment of the eight
known isoforms of P2Y receptors, two phylogenetically distinct classes were observed.
P2Y1, 2, 4, 5, and 11 receptors were grouped as Gαq receptors that couple to PLC
activation. Conversely, P2Y12, 13, and 14 receptors were grouped as Gαi receptors that
couple to AC inhibition (Costanzi et al., 2004; Figure 1.5). Unlike P2X receptors, ATP is
not the only endogenous P2Y agonist. In fact, diphosphate purine nucleotides such as
ADP, in addition to pyrimidine nucleotides such as uridine 5’-triphosphate (UTP),
uridine 5’-diphosphate (UDP), and UDP-glucose, are often more potent agonists than
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ATP. As is the case with P2X receptors, P2Y receptors also possess a well described
pharmacology and numerous synthetic agonists and antagonists with concentration
dependent selectivities amongst the different P2Y receptors are commercially available.
1.6. Purinergic Signaling in Chemosensory Systems
1.6.1. Olfaction
ATP is regarded as a neuroregenerative and neuroprotective signal in the MOE.
In slices of MOE, a highly concentrated odorant mixture induced the release of ATP as
measured by lucifern-luciferase luminometry. Briefly, the firefly enzyme luciferase
reduces luciferin in the presence of ATP and emits a photon that can be detected in a
luminometer (Hegg and Lucero, 2006). In addition, intranasal infusion of ATP resulted
in an increased incorporation of bromodeoxyuridine (BrdU), a marker for proliferative
cells, that was eliminated in the presence of pyridoxalphosphate-6-azophenyl-2',4'disulfonic acid (PPADS), a purinergic receptor antagonist. The proliferation of new cells
occurred in basal progenitor cells, supporting cells, and OSNs, but with a unique
temporal pattern for each cell type (Jia et al., 2009). The proliferation of new cells in the
MOE following exposure to ATP was important in regenerating tissue morphology
following damage by nickel sulfate (Jia et al., 2010) and satratoxin G, a mycotoxin that
induces apoptosis (Jia et al., 2011). Furthermore, single olfactory bulbectomy induced
apoptosis in the ipsilateral side of the MOE. Intraperitoneal injections of suramin
(Hassenklöver et al., 2009), a purinergic receptor antagonist, and PPADS and suramin
(Gao et al., 2010) decreased the incorporation of BrdU and further confirmed the
importance of ATP as a neuroregenerative signal in the MOE. Additional pathways for
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the release of ATP beyond tissue damage have been identified in the MOE by luciferinluciferase luminometry. In slices of MOE, the P2X7 agonist 2’(3’)-O-(4benzoylbenzoyl)-ATP (BzATP) induced the release of ATP that was blocked by PPADS.
Carbenoxolone and probenecid, both blockers of connexin and pannexin hemichannels
respectively, as well as the synaptic transmission inhibitor botulinum toxin type A,
decreased the constitutive release of ATP (Hayoz et al., 2012). Thus, ATP is released
from the MOE not only by tissue damage but also through activated P2X receptors,
connexin and pannexin hemichannels, and vesicles.
Purinergic receptors are involved in the attenuation of signal transduction by
OSNs and increasing [Ca2+]I in supporting cells from the MOE. In OSNs, ATP elicited
an inward current and increase in [Ca2+]I that was decreased in the absence of [Ca2+]O,
suggesting the contribution of P2X and P2Y receptors. Importantly, coapplication of a
mixture of odorants with ATP resulted in an increase in [Ca2+]I below that elicited by
either a mixture of odorants or ATP alone. In the on-cell configuration, coapplication of
a cyclic nucleotide cocktail that activates CNCs in OSNs with ATP decreased the
resulting inward current (Hegg et al., 2003). Thus, ATP elicits an inward current in
OSNs by activation of P2X receptors and increases [Ca2+]I in OSNs and supporting cells
by activation of P2X and P2Y receptors. However, ATP also decreases the
chemosensory response of OSNs through P2Y receptor mediated inhibition of CNCs and
may be neuroprotective against excitotoxic challenge. In supporting cells, ATP (Czesnik
et al., 2006; Hassenklöver et al., 2008) and UTP (Hegg et al., 2009) elicited an increase in
[Ca2+]I that was decreased in the absence of [Ca2+]O and in the presence of cyclopiazonic
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acid (CPA), a blocker of Ca2+-ATPases, suggesting the involvement of P2Y receptors.
The increase in [Ca2+]I was propagated from the apical stalk to the basal endfoot of the
supporting cell (Hassenklöver et al., 2008; Hegg et al., 2009). While such a pattern of
calcium waves is reminiscent of astrocytes in the brain, their exact purpose in the
supporting cells of the MOE is unknown.
Comparatively less is known about the purinergic receptors in the VNO. In slices
of VNO, the P2X3 receptors were detected in the sensory and nonsensory epithelia by
immunohistochemistry. P2Y1 and 2 receptors were also detected in the sensory
epithelium by immunohistochemistry but with a more punctate and diffuse distribution
than the P2X3 receptors (Gayle and Burnstock, 2004). In slices of VNO, ATP elicited an
increase in [Ca2+]I in the supporting and basal cell layers but not the sensory neuron cell
layer. In the supporting and basal cell layers, the increase in [Ca2+]I elicited by ATP was
decreased in the absence of [Ca2+]O and in the presence of CPA. UTP was equipotent as
ATP at eliciting an increase in [Ca2+]I in the supporting cell layer while ADP, UDP, and
UTP were equipotent as ATP at eliciting an increase in [Ca2+]I in the basal cell layer
(Dittrich et al., 2013). Thus, the supporting and basal cells of the VNO express similar
P2Y receptors but the basal cells express additional P2Y receptors with a distinct
pharmacology from those found in the supporting cells. Like the MOE, the function of
the supporting cells of the VNO is not well understood.
1.6.2. Gustation
Much of what is known about purinergic signaling in olfaction is rooted in earlier
work on gustation, the sense of taste. Gustation is mediated by chemosensory receptor
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cells housed in the taste buds of the tongue known as taste receptor cell (TRC)s. The
P2X2 and 3 receptors were detected along the nerves that synapse with the taste buds (Bo
et al., 1999). Accordingly, stimulation of circumvallate taste buds with a tastant mixture
elicited the release of ATP as measured by luciferin-luciferase luminometry. In
comparing P2X2/3-/- to wildtype mice, a lack of chorda tympani and glossopharyngeal
nerve responses was observed following oral administration of NaCl (salt taste), sucrose
(sweet taste), quinine (bitter taste), citric acid (sour taste), and monosodium glutamate
(MSG; umami). Furthermore, P2X2/3-/- mice showed near chance levels of
discrimination in the two bottle preference test for sucrose, quinine, and MSG when
compared to wildtype mice (Finger et al., 2005). In brief-access testing and conditioned
taste aversion, P2X2/3-/- mice displayed a deficit in their ability to properly discriminate
NaCl relative to wildtype mice (Eddy et al., 2009). Going further, depolarizing TRCs in
the vicinity of COS-1 “sniffer cells,” cells that express purinergic receptors and can be
used to detect the release of ATP, increased [Ca2+]I in the COS-1 sniffer cells. The
increase in [Ca2+]I in the COS-1 sniffer cells upon depolarization of TRCs was blocked
by suramin (Romanov et al., 2007). Connexin30 and 43 as well as pannexin1 were
detected by RT-PCR with RNA isolated from the taste buds but with pannexin1 being the
most abundantly expressed hemichannel (Huang et al., 2007).
In addition to activating gustatory afferents, ATP acts within the taste buds to
facilitate neurotransmitter release. ATP and ADP increased [Ca2+]I in TRCs, the former
of which was unaffected by the absence of [Ca2+]O. Similarly, ATP, ADP, and UTP
increased [Ca2+]I in presynaptic taste cell (PTC)s, the former of which was unaffected by
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the absence of [Ca2+]O. In TRCs from P2Y1/2-/- mice, ATP and ADP no longer increased
[Ca2+]I. Accordingly, CHO sniffer cells positioned in the vicinity of TRCs detected a
decrease in the release of ATP elicited by a tastant mixture in the presence of MRS2719,
a P2Y1 antagonist (Huang et al., 2009). Furthermore, BzATP elicited an increase in
[Ca2+]I in TRCs (Hayato et al., 2007). In TRCs from transient receptor potential cation
channel subfamily M member 5 (TRPM5)-/- (Huang et al., 2010) and P2X2/3-/- (Huang et
al., 2011) mice, CHO sniffer cells positioned in the vicinity of TRCs no longer detected
the release of ATP elicited by a tastant mixture. Thus, TRCs release ATP in the presence
of tastants following TRPM5 mediated activation of pannexin1 hemichannels. The
released ATP binds to P2X2 and P2Y1 receptors on TRCs and stimulates the release of
additional ATP. Activation of P2X2 and 3 receptors by ATP on gustatory afferents
results in the sensation of taste.
1.7. Sodium Channels
In excitable cells such as OSNs and VSNs, NaV mediate the upstroke of the
action potential (Hodgkin and Huxley, 1952). Therefore, the regulation of NaV in these
neurons can have profound consequences for sensory encoding. There are currently nine
known isoforms of the α subunit (NaV1.1, 2, 3, 4, 5, 6, 7, 8, and 9) and four known
isoforms of the auxiliary β subunit (β1, 2, 3, and 4). NaV1.8 and 9 are unique in that they
are responsible for generating persistent TTX-R INa primarily in sensory neurons
(Akopian et al., 1996; Dib-Hajj et al., 1998; Sangameswaran et al., 1996). In neurons,
NaV are heterotrimers composed of the α subunit, one noncovalently linked β subunit (β1
or 3; Isom et al., 1992; Morgan et al., 2000), and one covalently linked β subunit (β2 or 4;
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Frank et al., 2003; Isom et al., 1995). The α subunit is composed of four homologous
domains (D1 to IV) with large intracellular linkers between DII and III and a large
intracellular C-terminus on DIV. DI through IV is each composed of six transmembrane
segments (S1 to 6; Noda et al., 1983). S1 to 4 form the voltage sensor while S5 and 6
form the pore and sodium selectivity filter (Payandeh et al., 2011; Figure 1.6).
Accordingly, S4 is made up of a number of positively charged residues (Noda et al.,
1989). Amongst a variety of S4 NaV1.2 mutants, transfection of K226Q and
R217Q/K226Q in oocytes depolarized the voltage dependence of activation in cellattached patches (Stühmer et al., 1989). In addition to forming the pore and Na+
selectivity filter, S6 is also the binding site for pore blocking drugs (Payandeh et al.,
2011). Transfection of the S5 and 6 cytoplasmic linker NaV1.2 mutant E387Q in oocytes
eliminated the decrease in INa elicited by TTX and saxitoxin (Noda et al., 1989).
The first successful purification of intact NaV containing α and β subunits was
performed by Hartshorne and Catterall (1984). When inserted into planar lipid bilayers
and studied under voltage clamp, depolarizations induced single channel conductances
whose frequency and duration were voltage dependent and decreased in the presence of
TTX. Furthermore, the permeability of NaV was determined to be Na+ >> Rb+ > K+
(Hartshorne et al., 1985). Prior to reaching a closed state, NaV quickly enter into an
inactivated state that facilitates the refractory period of the action potential and is known
as fast inactivation. Intracellular dialysis of an antibody specific to the cytoplasmic linker
between DIII and IV, but not any other portion of NaV, decreased fast inactivation in
skeletal muscle cells (Vassilev et al., 1988). In oocytes transfected with the DIII and IV
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cytoplasmic linker NaV1.2 mutant F1489Q or I1488Q/F1489Q/M1490Q, there was
decreased fast inactivation (West et al., 1992). Thus, the cytoplasmic linker between DIII
and IV interacts with the pore shortly after activation of NaV and terminates channel
conductance.
The β1 subunit contains a single transmembrane domain and an extracellular
domain that is glycosylated. In oocytes cotransfected with rat brain NaV1.2 and the β1
subunit, there was an increase in INa, hyperpolarized voltage dependence of steady state
inactivation, and increased fast inactivation relative to oocytes transfected with rat brain
NaV1.2 alone (Isom et al., 1992). The β2 subunit, which is principally found in neurons,
possesses a similar structure as the β1 subunit but is also modestly homologous to the cell
adhesion molecule contactin. In oocytes cotransfected with rat brain NaV1.2 and the β2
subunit, there was an increase in INa and a slightly hyperpolarized voltage dependence of
steady state inactivation relative to oocytes transfected with rat brain NaV1.2 alone.
Additionally, cotransfection of oocytes with rat brain NaV1.2 and the β2 subunit
increased fast inactivation in cell-attached patches relative to oocytes transfected with rat
brain NaV1.2 alone. While the functional consequences on INa by the β1 and 2 subunits
were nearly identical, the β2 subunit also increased the expression of NaV1.2 and cell
capacitance (Isom et al., 1995). Notably, the α subunit forms a functional NaV in the
absence of the β subunits (Noda et al., 1986).
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1.8. Modulation of Sodium Channels by Neurotransmitters and Hormones
1.8.1. PKA Dependent
Many neurotransmitter and hormone receptors are coupled to AC and the
activation of cAMP dependent protein kinase A (PKA). Once activated, PKA
phosphorylates target proteins and alters their function. The α subunit of NaV is
phosphorylated at multiple sites by PKA on the cytoplasmic linker between DI and II
(Rossie et al., 1987; Rossie and Catterall, 1989) at S573, S610, S623, and S687 in vitro
(Murphy et al., 1993; Figure 1.6). Coapplication of PKA with ATP to inside-out patches
from CHO cells transfected with NaV1.2 decreased INa without altering the voltage
dependence of activation. In addition, coapplication of PKA with ATP to inside-out
patches from brain neurons decreased the open probability time without altering
amplitude of the single channel conductance (Li et al., 1992). Thus, PKA activation
leads to phosphorylation of the cytoplasmic linker between DI and II of NaV at a number
of serine residues. While no change in voltage dependent kinetics occurs, the decrease in
INa results from a destabilization of the single channel open state.
Of the five types of dopamine receptor (DR)s expressed in the hippocampus, DR1
and 5 are coupled to AC and PKA activation. SKF 81297, a DR1 and 5 agonist,
decreased INa without altering the voltage dependence of activation or steady state
inactivation in hippocampal neurons. The decrease in INa elicited by SKF 81297 was
eliminated in the presence of the DR1 and 5 antagonist SCH 23390 and mimicked by the
membrane permeable PKA activator cBIMPS (Cantrell et al., 1997). Similarly, SKF
81297 decreased INa without altering the voltage dependence of activation or steady state
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inactivation in prefrontal cortical neurons. The decrease in INa elicited by SKF 81297
was also eliminated in the presence of SCH 23390 and mimicked by cBIMPS (Maurice et
al., 2001). A-kinase-anchoring protein 15 (AKAP-15) is colocalized with NaV in
hippocampal neurons. Ht31 and AP2 are peptides that interfere with the binding of PKA
to AKAP-15. Intracellular dialysis of Ht31 and AP2 prevented the decrease in INa
elicited by SKF 81297 in hippocampal neurons (Cantrell et al., 1999). Thus, D1 and 5
receptors are positioned on the somas of hippocampal neurons in such a way to permit
the modulation of NaV through a PKA/AKAP-15 signaling complex (Figure 1.6).
Modulation of NaV by PKA is not limited to the brain but also present in
peripheral sensory neurons. Prostaglandin E2 (PGE2) increased TTX-R INa and
hyperpolarized the voltage dependence of activation and steady state inactivation in DRG
neurons. dbcAMP, a PKA analogue, mimicked the increase in TTX-R INa elicited by
PGE2 (England et al., 1996). It is important to note that the increase in TTX-R INa
elicited by PGE2 was a combination of PKA and protein kinase C (PKC) activation. In
the presence of staurosporine or with intracellular dialysis of PKC19-36, both blockers of
PKC, PGE2 did not increase TTX-R INa (Gold et al., 1998). Another hormone,
gonadotropin releasing hormone (GnRH), decreased INa in OSNs. In the presence of
H89, a blocker of PKA, GnRH did not decrease INa. In a similar manner to the
involvement of PKA and PKC in the increase in TTX-R INa elicited by PGE2 in DRG
neurons, the decrease in INa elicited by GnRH in OSNs was a combination of PKA and
protein kinase G (PKG) activation. In the presence of KT 5823, a blocker of protein
kinase, GnRH did not decrease INa (Zhang and Delay, 2007).
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1.8.2. PKC Dependent
In addition to AC and PKA activation, many neurotransmitter and hormone
receptors can also be coupled to PLC and PKC activation. Once activated, PKC
phosphorylates target proteins and alters their function. The α subunit of NaV is
phosphorylated at multiple sites by PKC on the cytoplasmic linker between DIII and IV
predominately at S1506, K1507, and K1508 in vitro (Li et al., 1993; West et al., 1991) as
well as S1521 (West et al., 1992) in vivo. PKC phosphorylation also occurs on the
cytoplasmic linker between D1 and II at S576 and S610 (Cantrell et al., 2002) in vitro
along with S6 in DIII at N1446 (Chen et al., 2006) in vivo (Figure 1.6). In CHO cells
transfected with NaV1.2, the membrane permeable PKC activator OAG decreased INa
and fast inactivation (West et al., 1991 and 1992) without altering the voltage dependence
of activation or steady state inactivation (Numann et al., 1991) in cell-attached patches.
In oocytes transfected with chicken brain mRNA, phorbol 12-myristate 13-acetate
(PMA), a PKC activator, decreased INa without altering the voltage dependence of
activation or steady state inactivation (Sigel and Baur, 1988). In oocytes transfected with
NaV1.2, PMA increased the time required for activation and deactivation of the single
channel conductance in cell-attached patches (Schreibmayer et al., 1991).
Beyond decreasing INa and fast inactivation, PKC can exert additional effects on
NaV. In TsA 201 cells transfected with NaV1.2, OAG increased the onset of slow
inactivation without altering the voltage dependence of activation or steady state
inactivation (Chen et al., 2006). PKC phosphorylation also appears to be necessary for
maximizing PKA phosphorylation of NaV. In CHO (Li et al., 1993) and TsA 201
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(Cantrell et al., 2002) cells transfected with NaV1.2, as well as hippocampal neurons
(Cantrell et al., 1999), OAG enhanced the decrease in INa elicited by cBIMPS in cellattached patches. Thus, PKC activation leads to phosphorylation of the cytoplasmic
linker between DIII and IV at a number of serine and lysine residues as well as N1446 in
S6 of DIII in NaV. Once phosphorylated by PKC, additional phosphorylation by PKA
can enhance the decrease in INa that results from slower open to closed and closed to open
state transitions of the single channel.
Of the five types of muscarinic ACh receptor (mAChR)s expressed in the
hippocampus, mAChR1, 3, and 5 are coupled to PLC and PKC activation. Carbachol, a
cholinergic receptor agonist, decreased INa in hippocampal neurons without altering the
voltage dependence of activation or steady state inactivation. The decrease in INa elicited
by carbachol was blocked by the mAChR antagonist atropine and mimicked by OAG
(Cantrell et al., 1996; Figure 1.6). In some cases, PKC activation has effects on the
voltage dependence of steady state inactivation. The serotonin receptor (5-HTR)s 2a and
c were expressed in prefrontal cortical pyramidal neurons. 5-HT decreased INa without
altering the voltage dependence of activation. The decrease in INa elicited by 5-HT was
blocked by the 5-HT2a and c antagonist spiperone and mimicked by the 5-HT2a and c
agonist 2,5-dimethoxy-4-iodoamphetamine (DOI). Moreover, DOI hyperpolarized the
voltage dependence of steady state inactivation which was mimicked by OAG (Carr et
al., 2002). A number of more recent reports have also suggested that PKC activation
hyperpolarizes the voltage dependence of steady state inactivation (Carlier et al., 2006;
Franceschetti et al., 2000; Ikeda et al., 2005; Talon et al., 2005).
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1.8.3. G-Protein Dependent
The coupling of neurotransmitter and hormone receptors to AC and PLC
activation occurs through G-proteins. Activated G-proteins can also modulate NaV
independently of PKA and PKC phosphorylation. Following crosslinking of all proteins
in rat brain synaptoneurosomes with phenylenedimaleimide, GαO coimmunoprecipitated
with the α but not the β subunit (Anis et al., 1999). Intracellular dialysis of GTPγS, an
activator of G-proteins, increased INa and hyperpolarized the voltage dependence of
activation and steady state inactivation in hippocampal neurons. Pertussis toxin (PTX), a
blocker of Gαi, prevented the increase in INa elicited by intracellular dialysis of GTPγS
(Ma et al., 1994). Similarly, intracellular dialysis of GTPγS (Ma et al., 1994) and GTP
(Majumdar and Sikdar, 2006) increased INa and hyperpolarized the voltage dependence of
activation and steady state inactivation in CHO cells transfected with NaV1.2. In
ventricular myocytes, isoproterenol (ISO), a β adrenergic receptor agonist, increased INa
without altering the voltage dependence of activation or steady state inactivation. While
ISO did not increase INa following intracellular dialysis of an antibody specific to Gαs,
ISO increased INa following intracellular dialysis of PKI, a blocker of PKA. Application
of Gαs27-42, a short synthetic fragment of Gαs, to inside-out patches increased the
amplitude of the single channel conductance (Lu et al., 1999).
In addition to the α subunit, the βγ subunits of activated G-proteins can also
modulate NaV. Contrary to the results of Anis and colleagues (1999) in rat brain
synaptoneurosomes, the β subunit coimmunoprecipitated with NaV in cortical neurons
(Marin et al., 2001). Cotransfection of TsA 201 cells with NaV1.2 and β2γ3 decreased INa
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and fast inactivation as well as depolarized the voltage dependence of steady state
inactivation (Ma et al., 1997). Notably, while the βγ subunits increased the persistence of
transient INa, the α subunit of activated G-proteins can modulate NaV that contribute to
persistent INa. Intracellular dialysis of GTPγS increased INa, hyperpolarized the voltage
dependence of steady state inactivation, and decreased the recovery from slow
inactivation in ND7/23 cells transfected with NaV1.9. Additionally, intracellular dialysis
of GTPγS increased the duration of single channel openings in outside-out patches
(Vanoye et al., 2013).
1.9. Modulation of Sodium Channels by Purine Nucleotides
In some excitable cells, purine nucleotides appear to modulate NaV in a receptor
independent manner. In ventricular myocytes, ATP increased INa and hyperpolarized the
voltage dependence of activation and steady state inactivation. Cholera toxin (CTX), a
blocker of Gαs, was ineffective (Scamps and Vassort, 1994). In DRG neurons, ATP
increased TTX-R INa while decreasing TTX-S INa. Importantly, the purinergic receptor
antagonists, reactive blue-2 (RB-2) and suramin, were ineffective. Guanosine 5’disphosphate (GDP)βs, a blocker of G-proteins, was also ineffective (Joo-Choi et al.,
2003). In a later study, Park and colleagues (2004) observed that not only ATP but ADP
and the nonpurinergic receptor agonists GTP and GDP produced similar
hyperpolarizations in the voltage dependence of activation and steady state inactivation.
In hippocampal neurons, ATP, GTP, and RB-2 increased INa and hyperpolarized the
voltage dependence of activation and steady state inactivation (El-Sherif et al., 2001).
The structure of ATP, specifically the adenine ring, is a common chemical motif found in
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many anesthetic, anticonvulsant, and antiarrhythmic drugs that target NaV.
Consequently, it was proposed that ATP exerts its effects on INa by binding directly to
NaV (Williams, 2006). However, these results were drawn from modeling the chemical
structures of different drugs with ATP and so exactly if and where ATP binds to NaV is
unknown.
It is important to note that purine nucleotides are not unique in their direct action
on NaV despite having a clearly defined set of receptors, nor are they new to the debate
as to whether their effects are solely receptor independent. In HEK 293 cells transfected
with NaV1.2, the σ1 agonist (+)-SKF 10047 decreased INa and hyperpolarized the voltage
dependence of steady state inactivation. In addition, the σ1 receptor antagonists BD
1047, NE-100, and BD 1063 were ineffective. PTX and CTX were also ineffective (Gao
et al., 2012). Conversely, in intracardiac ganglion neurons, the σ1 agonists DTG and
PTZ decreased INa and increased action potential latency. PTZ also hyperpolarized the
voltage dependence of steady state inactivation. Contrary to the findings of Gao and
colleagues (2012), BD 1063 prevented the decrease in INa elicited by DTG, suggesting
the involvement of σ1 receptors (Zhang et al., 2010).
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Figure Legends
Figure 1.1. Sagittal Section of the Mouse Head and Nose. A sagittal section through a
mouse head reveals four distinct chemosensory organs including the (1) MOE, (2) septal
organ, (3) Grüneberg ganglion, and (4) VNO. Unlike the MOE, the VNO is displaced
from the nasal cavity and connected only by the nasopalatine duct. The axons of the
sensory neurons in MOE project to the OB while the axons of the sensory neurons in
VNO project to the AOB. Reprinted with permission from (Ferrero DM & Liberles SD.
(2010). The secret codes of mammalian scents. Wiley Interdisciplinary Reviews: Systems
Biology and Medicine 2, 23-33).

Figure 1.2. Anatomy of the Mouse Vomeronasal Organ. A coronal section through a
VNO shows the clear division by the lumen of the nonsensory epithelium from the
sensory epithelium. Within the nonsensory epithelium, sympathetic innervation of the
large blood vessel facilitates a vasomotor pump that actively draws odorants into the
lumen for detection. The sensory epithelium is composed of basal cells, supporting cells,
and VSNs. The VSNs extend a dendrite capped in microvilli into the lumen. The
nonsensory epithelium is composed of mucosal glands and ciliated respiratory cells.
BV – Blood vessel, NSE – Nonsensory epithelium, L – Lumen, SE – Sensory Epithelium.

Figure 1.3. Signal Transduction in Mouse Vomeronasal Sensory Neurons. VSNs
posses a single dendrite that extends from the soma to the apical portion of the sensory
epithelium and makes contact with the lumen through the microvilli. Within the
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microvilli, the signal transduction of odorants occurs. V1R/V2R receptor activation leads
to the production of IP3 and DAG by PLC. DAG gates TRPC2 and the resulting influx of
Na+ and Ca2+ gates CACCs. DAG lipase breaks down DAG into AA that gates a nonTRPC2 channel.

Figure 1.4. Structure of the P2X Receptor Subunit. Each functional P2X receptor is
composed of three subunits with two transmembrane domains, intracellular C- and Ntermini, and a large cysteine rich extracellular loop. TM1 binds ATP and confers the
differential agonist potencies amongst the P2X1-7 receptors. The pore is located in TM1
between I50 and S54 and TM2 between I328 and L353. Some P2X receptors, in
particular P2X1, 2, and 4 receptors, exhibit substantial calcium permeability. A calcium
selectivity filter is located in TM2 between N333 and S345. In the close state, V48 in
TM1 and I328 in TM2 interact to stabilize the configuration. Reprinted with permission
from (North RA. (2002). Molecular physiology of P2X receptors. Physiological Reviews
82, 1013-1067).

Figure 1.5. Intracellular Signaling Pathways of the P2Y Receptor. Two
phylogenetically distinct classes of P2Y receptor exist. The P2Y1, 2, 4, 5, and 11
receptors couple to Gαq, PLC activation, and the release of [Ca2+]I (a). The P2Y12, 13,
and 14 receptors couple to Gαi and AC inhibition (b). Reprinted by permission from
Macmillan Publishers LTD: [IMMUNOLOGY AND CELL BIOLOGY] (van der
Weyden L, Conigrave AD, & Morris MB. (2000). Signal transduction and white cell
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maturation via extracellular ATP and the P2Y11 receptor. Immunology and Cell Biology
78, 369-374), Copyright (2000).

Figure 1.6. Structure and Location of the Phosphorylation Sites of the Voltage
Activated Sodium Channel. Each NaV is composed of an α subunit, one noncovalently
linked β1 or 3 subunit, and one covalently linked β2 or 4 subunit. The α subunit
possesses four homologous domains each with six transmembrane segments. The voltage
sensor is present in S1 to 4 while the pore and Na+ selectivity filter is present in S5 and 6.
Pore blocking drugs, such as TTX, interact with S6. G-protein coupled neurotransmitter
and hormone receptors can modulate NaV through either PKA or PKC phosphorylation.
The cytoplasmic linker between DI and II is phosphorylated by PKA at S573, S610,
S623, and S687. Typically, this results in a decrease in INa. The cytoplasmic linker
between DIII and IV is phosphorylated by PKC at S1506, K1507, K1508, and S1521.
Typically, this results in a decrease in INa and fast inactivation. Reprinted by permission
from Macmillan Publishers LTD: [NATURE REVIEWS NEUROSCIENCE] (Cantrell,
AR & Catterall, WA. (2001). Neuromodulation of Na channels: an unexpected form of
cellular plasticity. Nature Reviews Neuroscience 2, 397-407), Copyright (2001).
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CHAPTER 2
ATP EXCITES MOUSE VOMERONASAL SENSORY NEURONS THROUGH
ACTIVATION OF P2X RECEPTORS
(Vick, J.S. and Delay, R.J.. (2012) ATP Excites mouse vomeronasal sensory neurons
through activation of P2X receptors. Neuroscience, 220, 341-350.)
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Abstract
Purinergic signaling through activation of P2X and P2Y receptors is critically
important in the chemical senses. In the mouse main olfactory epithelium (MOE),
adenosine 5’-triphosphate (ATP) elicits an increase in intracellular calcium ([Ca2+]I) and
reduces the responsiveness of olfactory sensory neurons to odorants through activation of
P2X and P2Y receptors. We investigated the role of purinergic signaling in vomeronasal
sensory neuron (VSN)s from the mouse vomeronasal organ (VNO), an olfactory organ
distinct from the MOE that responds to many conspecific chemical cues. Using a
combination of calcium imaging and patch-clamp electrophysiology with isolated VSNs,
we demonstrated that ATP elicits an increase in [Ca2+]I and an inward current with
similar EC50s. Neither adenosine nor the P2Y receptor ligands adenosine 5’-diphosphate,
uridine 5’-triphosphate, and uridine-5’-disphosphate could mimic either effect of ATP.
Moreover, the increase in [Ca2+]I required the presence of extracellular calcium and the
inward current elicited by ATP was partially blocked by the P2X receptor antagonists
pyridoxal-phosphate-6-azophenyl-2’,4’-disulfonate and 2',3'-O-(2,4,6-trinitrophenyl)
adenosine 5'-triphosphate. Consistent with the activation of P2X receptors, we detected
gene expression of the P2X1 and 3 receptors in the VNO by RT-PCR. When codelivered with dilute urine, a natural stimulus, ATP significantly increased the inward
current above that elicited by dilute urine or ATP alone. Mechanical stimulation of the
VNO induced the release of ATP, detected by luciferin-luciferase luminometry, and this
release of ATP was completely abolished in the presence of the connexin/pannexin
hemichannel blocker, carbenoxolone. We conclude that the release of ATP could occur
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during the activity of the vasomotor pump that facilitates the movement of chemicals into
the VNO for detection by VSNs. This mechanism could lead to a global increase in
excitability and the chemosensory response in VSNs through activation of P2X receptors.
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Introduction
The mammalian vomeronasal organ (VNO), the primary sensory organ of the
accessory olfactory system, is critical for normal aggressive and reproductive behaviors.
Ablation of the VNO results in a severe disruption of sexual behaviors in male and
female rodents, such that mounting and lordosis are no longer preferentially directed
towards the opposite sex (Samuelsen and Meredith, 2009; Stowers et al., 2002). The
rodent VNO is a paired tubular structure encased in a bony capsule at the caudal tip of the
nose that is anatomically segregated from the rest of the nasal cavity. The sensory
epithelium of the VNO is richly populated by vomeronasal sensory neuron (VSN)s,
supporting cells, and basal cells. VSNs are bipolar sensory neurons with a single dendrite
that extends into the lumen of the VNO and a single axon that projects to the accessory
olfactory bulb (Liman and Corey, 1996). It is within the microvilli of the dendritic knob
that the chemosensory signal transduction machinery is located (Menco et al., 2001).
Apical VSNs express V1R receptors and Gαi while basal VSNs express V2R receptors
and Gαo (Berghard and Buck, 1996). In mice, many conspecific chemical cues are
released into urine and can be detected by VSNs (Holy et al., 2000). These chemicals
can activate V1R/ V2R receptors, which leads to the production of diacylglycerol (DAG)
and inositol-1,4,5-triphosphate (IP3) by phospholipase C (PLC) (Krieger et al., 1999).
DAG opens transient receptor potential channel type 2 (TRPC2) and produces an influx
of sodium and calcium into the microvilli, the latter of which can activate calciumactivated chloride channel (CACC)s and amplify the primary response (Kim et al., 2011;
Yang and Delay, 2010).
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Purine nucleotides, such as adenosine 5’-triphosphate (ATP), exert their effects on
cellular physiology by binding to three classes of receptor (1) ionotropic P2X receptors
(P2X1-7), (2) G-protein coupled P2Y receptors (P2Y1, 2, 4, 6, 11, 12, 13, 14), and (3) Gprotein coupled adenosine receptors (A1, 2A, 2B, 3) (for review: Burnstock, 2007). P2X
receptors are trimers, with each monomer consisting of two transmembrane domains and
large extracellular loops. Monomer subtypes can form both homomeric (i.e. P2X3) as
well as heteromeric (i.e. P2X2/3) P2X receptors. The pore of P2X receptors is permeable
to both monovalent and divalent cations, and is opened by the binding of ATP as well as
a variety of synthetic, nonhydrolyzable ATP analogues (Ding and Sachs, 1999; Egan et
al., 2006). P2Y receptors are activated not only by ATP, but by adenosine 5’diphosphate (ADP), uridine 5’-triphosphate (UTP), uridine 5’-diphosphate (UDP), and
UDP-glucose. In vitro, P2Y receptors typically (1) activate the cyclic adenosine 5’monophosphate (cAMP)/adenylyl cyclase (AC) pathway (P2Y11), (2) inhibit the
cAMP/AC pathway (P2Y2, 4, 12, 13, 14), or (3) activate the IP3/PLC pathway (P2Y1, 2,
4, 6, 11) (for review: Abbracchio et al., 2006). Adenosine receptors are activated by
adenosine, which is typically produced by the rapid breakdown of extracellular ATP by
transmembrane ATPases (Burnstock, 2007). In the mouse main olfactory epithelium
(MOE), P2X and P2Y receptors are expressed in the sensory epithelium. ATP increases
intracellular calcium ([Ca2+]I) and reduces the responsiveness of olfactory sensory neuron
(OSN)s to odorants through activation of P2X and P2Y receptors (Hegg et al., 2003).
Furthermore, ATP induces the differentiation of basal progenitor cells into new OSNs
(Gao et al., 2010; Hassenklöver et al., 2009; Jia et al., 2009). Exposure to highly
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concentrated odorants, such as is possible with pollution, appears to result in the release
of ATP from the MOE (Hegg and Lucero, 2006). Therefore, purinergic signaling in the
MOE is believed to play a neuroprotective and neuroregenerative role by protecting
OSNs against further excitotoxic challenge and promoting basal progenitor cells to
differentiate into new OSNs. While P2X3 and P2Y2 receptors are expressed in the
sensory epithelium of the rat VNO, the role of purinergic signaling in the VNO has not
yet been determined (Gayle and Burnstock, 2004).
Fluid movement into the VNO lumen of guinea pigs and mice exposed to urine, a
natural stimulus, indicates the VNO is able to access the nasal cavity despite its
anatomical segregation (Ogura et al., 2010; Wysocki et al., 1980). Along the lateral wall
of the VNO bony capsule are large blood vessels that are extensively innervated by
sympathetic nerves from the superior cervical ganglion (Cantó Soler and Suburo, 1998).
Stimulation of the nasopalatine nerves in anesthetized hamsters and mice, along which
the sympathetic nerves from the superior cervical ganglion enter the VNO, results in the
activation of the vasomotor pump that facilitates the movement of chemicals into the
VNO for detection by VSNs (Ben-Shaul et al., 2010; Meredith and O’Connell, 1979). In
awake, behaving male hamsters, the pumping of the VNO occurs naturally in the
presence of a novel environment or a sexually receptive female hamster (Meredith,
1994). Purine nucleotides are released in a mechanosensitive manner from the retina,
urinary bladder, nephron of the kidney, polarized epithelium of the lung, and cochlea
(Chen et al., 2010; Homolya et al., 2000; Newman, 2001; Sipos et al., 2009; Zhao et al.,
2005). In the nephron of the kidney and cochlea, ATP is released by mechanosensitive
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connexin hemichannels (Sipos et al., 2009; Zhao et al., 2005). Connexin 36, 31.1, and
30.1 are expressed in the sensory epithelium of the mouse VNO (Zhang and Restrepo,
2003; Zheng-Fischhöfer et al., 2007; Zheng-Fischhöfer et al., 2007). In this report, we
provide evidence that ATP elicited a concentration dependent increase in [Ca2+]I and an
inward current in isolated mouse VSNs through activation of P2X receptors. Moreover,
we show that ATP increased the responsiveness of VSNs to dilute urine. We conclude
that ATP could be released from the VNO when mechanically stimulated, and that
activation of P2X receptors may provide a means of globally increasing excitability and
the chemosensory response in VSNs when the vasomotor pump is active.
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Methods
VNO Dissection and VSN Isolation
Male and female C57BL/6 and BALB/C mice (Charles River Laboratory;
Wilmington, MA) were maintained on a 12hr light/12hr dark cycle with food and water
provided ad libitum in accordance with the University of Vermont’s Institutional Animal
Care and Use Committee. Mice were euthanized by CO2 asphyxiation followed by
cervical dislocation. The head was removed, cut bilaterally, and the entire VNO was
dissected out. The VNO was removed from both halves of the bony capsule and VSNs
were isolated by mechanical dissection in nominally divalent cation-free Ringer’s
solution (in mM: 140 NaCl, 5 KCl, 10 HEPES, 10 Glucose; pH 7.4) supplemented with
≈50µg/mL papain for 10 minutes. After filtration through a nylon mesh, VSNs were
maintained in Ringer’s solution (in mM: 138 NaCl, 5 KCl, 10 HEPES, 2 MgCl2, 2 CaCl2,
10 Glucose; pH 7.4) supplemented with ≈10µg/mL leupeptin for 15 minutes to inhibit
papain and plated on glass coverslips for calcium imaging and patch-clamp
electrophysiology. VSNs remained viable for up to 4 hours.

Chemical/Drug Preparation and Urine Collection
All chemicals/drugs were dissolved in Ringer’s solution to their final
concentrations unless noted otherwise. Urine was diluted to a final concentration of
1:100 at which there is no effect on osmolarity or detectable level of ATP (Turner et al.,
2010; Yang and Delay, 2010). ATP magnesium salt, ADP monopotassium salt dihydrate,
UTP trisodium salt hydrate, UDP disodium salt hydrate, adenosine, carbenoxolone
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disodium salt, gramicidin, and dimethylsulfoxide (DMSO) were purchased from Sigma
Aldrich (St. Louis, MO). Papain and concanavlin A (ConA) were purchased from
Calbiochem (Darmstadt, Germany). Leupeptin was purchased from USB (Cleveland,
OH). Fura-2, acetoxymethyl (fura-2, AM) and pluronic F-127 were purchased from
Invitrogen (Carlsbad, CA). Pyridoxal-phosphate-6-azophenyl-2’,4’-disulfonate (PPADS)
and 2',3'-O-(2,4,6-trinitrophenyl) adenosine 5'-triphosphate (TNP-ATP) were both kind
gifts from Dr. John Tompkins of the anatomy and neurobiology department at the
University of Vermont (Burlington, VT). Urine was collected from at least 20 male and
female mice, and filtered through a 0.2µm filter before storage in single use aliquots at 80oC.

Calcium Imaging
VSNs were plated on ConA-coated glass coverslips, incubated in 5µM fura-2,
AM and 0.05% pluronic F-127 dissolved in DMSO in Ringer’s solution for 15 minutes,
and washed in Ringer’s solution for 10 minutes before each recording session. Only
VSNs with a stable baseline were used. Images were captured every 5s with excitation
wavelengths of 340nm and 380nm and an emission wavelength of 510nm. All changes
in [Ca2+]I were recorded as changes in the fluorescent ratio (340/380) and background
subtracted before analysis. Fluorescent ratios were recorded with a xenon short arc lamp
(Ushio) and C4742-95 digital camera using the SimplePCI 6.0 software (Hammatsu) and
an inverted fluorescent Nikon TE2000S microscope. The changes in [Ca2+]I elicited by
ATP were measured with the following equation
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R ATP = R Max − R Baseline
Eq. 1. Background Subtraction
where RMax = Maximum amplitude of the fluorescent ratio within 20s of ATP
delivery and RBaseline = Average amplitude of the fluorescent ratio in Ringer’s solution for
1 minute. When testing the role of extracellular calcium ([Ca2+]O), VSNs were incubated
in calcium-free Ringer’s solution (in mM: 138 NaCl, 5 KCl, 10 HEPES, 2 MgCl2, 10
Glucose, 2 EGTA; pH 7.4) for ≈2 minutes before the delivery of ATP. A Warner faststep SF-77B perfusion system was used to deliver chemicals/drugs to VSNs under
continuous bathflow.

Patch-Clamp Electrophysiology
The perforated patch-clamp configuration with gramicidin as the pore forming
agent was used for two major reasons. First, gramicidin pores are impermeable to
chloride, which is crucial due to the high intracellular chloride concentration in VSNs and
importance of chloride for the chemosensory response (Kim et al., 2011; Yang and
Delay, 2010). In addition, gramicidin pores are impermeable to second messengers,
which is crucial for V1R/V2R and P2Y receptors due to their reliance on second
messengers. Intracellular Ringer’s solution (in mM: 110 K-Gluconate, 10 NaCl, 30 KCl,
10 HEPES, 1 MgCl2, 0.023 CaCl2, 1 EGTA; pH 7.4) was supplemented with
≈0.27mg/mL gramicidin dissolved in DMSO. Electrodes were pulled from LE16 glass
using a P-97 Flaming/Brown micropipette puller. Electrodes with a resistance of 5 to
8MΩ had the tips filled with intracellular Ringer’s solution minus gramicidin and were
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backfilled with intracellular Ringer’s solution supplemented with gramicidin. Currents
and voltages were recorded with a Digidata 1322A and Multiclamp 700A using the
pClamp 8.2 software (Axon Instruments) and an inverted Nikon TE2000S microscope.
After formation of a gigaseal (Rm = ≥1.0GΩ), complete perforation took 20 to 60
minutes. Acceptable electrical access was determined by observing consistent time to
peak of the voltage-activated sodium current recorded with nine +20mV voltage steps
from -90 to +90mV. A Warner fast-step SF-77B perfusion system was used to deliver
chemicals/drugs to VSNs under continuous bathflow. For voltage-clamp experiments,
VSNs were held at -80mV. For current-clamp experiments, current was injected into
VSNs if necessary so that the membrane potential started at -60mV. A depolarizing
current injection of 4pA for 2s was used to elicit action potentials both in the presence
and absence of ATP. All electrophysiology data were Bessel filtered at 4kHz with a
sampling interval of 10kHz.

Mechanical Stimulation
The methods for mechanical stimulation and the measurement of ATP release
were adapted with minor modifications from Zhao and colleagues (2005). Briefly, the
entire VNO was dissected out of the mouse, removed from both halves of the bony
capsule, and washed in Ringer’s solution or 5mM carbenoxolone in Ringer’s solution for
5 minutes. Following wash, the VNO was transferred to 200µL of Ringer’s solution or
5mM carbenoxolone in Ringer’s solution for 45 minutes with the entire sample medium
removed for analysis and replaced with 200µL of fresh Ringer’s solution or 5mM
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carbenoxolone in Ringer’s solution every 5 minutes. From t=10 to 25 minutes, the VNO
was mechanically stimulated by slowly drawing solution into the pipette tip and gently
ejecting it back into the bath.

Luciferin-Luciferase Luminometry
Samples were analyzed in 96 well Co-Star plates in a BioTek H4 Synergy
luminometer at the University of Vermont’s Cell and Molecular Core Facility
(http://www.uvm.edu/~cbmrexne/) using Invitrogen’s luciferin-luciferase ATP
determination kit according to manufacturer’s instructions. A standard curve of relative
light units (RLU) plotted against 1nM, 5nM, 10nM, 50nM, and 100nM ATP was
produced with each experiment and served as an internal control of measurement
reliability (data not shown; r2 = 0.9795). 5mM carbenoxolone in Ringer’s solution alone
(515 ± 113 RLU) had no effect on RLU when compared to Ringer’s solution alone (453
± 101 RLU; Mean ± SEM), indicating that the concentration of carbenoxolone used in
the present study had no detectable effects on the luciferin-luciferase assay (data not
shown; p > 0.05, Mann-Whitney U test).

RT-PCR
Total RNA was isolated and purified from the VNO using Qiagen’s RNeasy Mini
Kit according to manufacturer’s instructions. cDNA was synthesized with 2.5µM
random hexamers (Applied Biosystems) and 200U SuperScript III Reverse Transcriptase
(Invitrogen) from ≈1µg of total RNA in a volume of 20µL. A negative control was
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performed by omitting SuperScript III Reverse Transcriptase to ensure that any of the
desired PCR products came from cDNA and not contaminating genomic DNA.
RNaseOUT (Invitrogen), a ribonuclease inhibitor, was added to the reactions to prevent
degradation of RNA. PCR was performed using 1µL of cDNA, 2.5mM MgCl2
(Invitrogen), 12.5pmol forward and reverse primers, 200µM dNTPs (New England
BioLabs), 10x reaction buffer (Invitrogen), and 1.25U Taq polymerase (Invitrogen) in a
volume of 25µL. Primer sequences for the P2X1-7 receptors and the PCR conditions
were the same as those used by Lewis and colleagues (2002), with the exception that an
annealing temperature of 56oC for 45s was used. PCR products were purified from
agarose gels using Omega Bio-Tek’s Gel Extraction Kit according to manufacturer’s
instructions and sequenced at the Vermont Cancer Center DNA Analysis Facility
(http://www.vermontcancer.org/).

Data Analysis
To determine the concentration of ATP at which the response is half-maximal
(EC50), the raw data were normalized to the peak increase in [Ca2+]I (calcium imaging) or
the peak inward current (patch-clamp electrophysiology) recorded with 100µM ATP.
The normalized responses were plotted against the log10 of the corresponding ATP
concentration and fit with a non-linear Hill regression using the Origin 7.5 software
(OriginLab) with the following equation
R / RMax =

A1 − A2
+ A1
1 + 10 [log( EC50 ) − x ]*H
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Eq. 2. Hill Equation
where A1 = Bottom asymptote, A2 = Top asymptote, EC50 = Concentration of
ATP at which the response is half-maximal, and H = Hill coefficient. The regressions
were performed with 200 iterations at 95% confidence intervals. A1 was constrained to 0
since the responses elicited by 1µM, 10µM, 30µM, and 50µM ATP were normalized to
the response elicited by 100µM ATP. To analyze the effects of calcium-free Ringer’s
solution on the response to ATP, the raw data were normalized to the peak increase in
[Ca2+]I recorded with ATP in Ringer’s solution prior to the exchange of Ringer’s solution
for calcium-free Ringer’s solution. To analyze the effects of PPADS on the response to
ATP, the raw data were normalized to the peak inward current recorded with ATP prior
to the co-delivery of PPADS and ATP. To analyze the effects of TNP-ATP on the
response to ATP, the raw data were normalized to the peak inward current recorded with
ATP prior to the co-delivery of TNP-ATP and ATP. To analyze the effects of ATP on
the response to dilute urine, the raw data were normalized to the peak inward current
recorded with dilute urine prior to the co-delivery of dilute urine and ATP. Firing
frequency was calculated in Hz by counting the number of action potentials that occurred
during stimulus delivery and dividing by 2s, the stimulus delivery time.
Data are presented as mean ± SEM. All data were tested for normality with the
Shapiro-Wilk test using the Origin 7.5 software. On data that were normally distributed,
paired samples t-tests were used to compare within treatments, and independent samples
t-tests and one-way analyses of variance (ANOVA)s were used to compare between
treatments using the Origin 7.5 software. On data that were not normally distributed,
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Wilcoxon signed rank tests were used to compare within treatments, and Mann-Whitney
U tests were used to compare between treatments using the GraphPad Prism 5.0 software
(GraphPad Software). All figures were produced using the Origin 7.5 software.

69

Results
ATP Elicited a Concentration Dependent Inward Current
In the mouse MOE, ATP elicits an increase in [Ca2+]I and reduces the
responsiveness of OSNs to odorants through activation of P2X and P2Y receptors (Hegg
et al., 2003). In the rat VNO, P2X3 and P2Y2 receptors are expressed in the sensory
epithelium, but little is known about the physiological role of purinergic signaling in the
VNO (Gayle and Burnstock, 2004). We set out to determine whether isolated VSNs from
the mouse VNO respond to ATP and if so, what concentrations would be necessary for
purinergic receptor activation. In VSNs voltage-clamped at -80mV in the perforated
patch-clamp configuration, a concentration dependent inward current was elicited by
ATP (Figure 2.1A). All VSNs tested exhibited no measurable membrane current in the
presence of 1µM ATP. The EC50 of the inward current elicited by ATP was calculated to
be ≈6.24µM (Figure 2.1B). As near maximal inward current was elicited by 30µM ATP,
this concentration of ATP was used for the remainder of the experiments (n = 46/52,
88%). The average inward current elicited by 30µM ATP was 37.21 ± 2.32pA (Mean ±
SEM), with the majority of VSNs responding to 30µM ATP in the 20 to 40pA range
(Figure 2.1C).
ATP can activate both P2X and P2Y receptors, while its metabolite, adenosine,
can activate adenosine receptors. ATP is an endogenous ligand for both P2X and P2Y
receptors, while ADP, UTP, and UDP are endogenous ligands for P2Y receptors
(Abbracchio et al., 2006; Burnstock, 2007; Ding and Sachs, 1999; Egan et al., 2006).
Therefore, we used the pharmacological specificity of the purinergic receptors to
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determine the particular purinergic receptor population responsible for the inward current
elicited by ATP in VSNs. ATP was delivered to all VSNs prior to the delivery of
adenosine or the indicated P2Y receptor ligand (ADP, UTP, or UDP). In none of the
VSNs voltage clamped at -80mV did 30µM adenosine (n = 10; Figure 2.2A), ADP (n =
5; Figure 2.2B), UTP (n = 3; Figure 2.2C), or UDP (n = 4; Figure 2.2D) elicit any
measurable membrane current. Furthermore, higher concentrations of ADP (n = 5), UTP
(n = 3), and UDP (n = 4; 50µM and 100µM) did not elicit any measurable membrane
current (data not shown). The range of amplitudes of the inward currents elicited by
30µM ATP were not significantly different in the VSNs tested with either adenosine,
ADP, UTP, or UDP, indicating a similar sample of VSNs tested for each purine
nucleotide (data not shown; p > 0.05, one-way ANOVA).

ATP Elicited an Increase in [Ca2+]I similar to the ATP-Induced Inward Current
To explore the possibility that there may be adenosine and/or P2Y receptors
mediating a response to ATP that was undetected by patch-clamp electrophysiology, we
set out to determine whether ATP could increase [Ca2+]I in VSNs. In VSNs loaded with
fura-2, AM, a concentration dependent increase in [Ca2+]I was elicited by ATP (Figure
2.3A). In 3 VSNs, 1µM ATP elicited a small increase in [Ca2+]I while in another 3
VSNs, 1µM ATP elicited no increase in [Ca2+]I. A desensitization was noticed with the
increases in [Ca2+]I elicited by 50µM and 100µM ATP that was not observed with the
inward currents elicited by 50µM and 100µM ATP. The EC50 of the increase in [Ca2+]I
was calculated to be ≈1.40µM (Figure 2.3B). We continued to use 30µM ATP in most of
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the calcium imaging experiments to facilitate comparisons with our patch-clamp
electrophysiology data (n = 16/19, 84%). The average increase in [Ca2+]I elicited by
30µM ATP was 151.61 ± 13.45% (Mean ± SEM) above baseline.
Since P2Y2 receptors are expressed in the sensory epithelium of the rat VNO, we
next attempted to see if the concentration dependent increase in [Ca2+]I elicited by ATP in
VSNs could be reproduced with the P2Y2 receptor ligand UTP (Gayle and Burnstock,
2004). In none of the VSNs tested did 1µM, 10µM, 30µM, 50µM, and 100µM UTP
elicit any increase in [Ca2+]I (data not shown, n = 5). We again used the pharmacological
specificity of the other P2Y receptors to determine if they were involved with the
increase in [Ca2+]I elicited by ATP in VSNs. ATP was delivered to all VSNs prior to the
delivery of adenosine (labeled as “A”) and the indicated P2Y receptor ligand (ADP, UTP,
and UDP). No increases in [Ca2+]I were observed with 30µM adenosine, ADP, UTP,
and UDP (n = 4; Figure 2.3C). These results led us to hypothesize that P2X receptors
were responsible for both the increase in [Ca2+]I and the inward current elicited by ATP
in VSNs. To test our hypothesis, VSNs were incubated for ≈2 minutes in calcium-free
Ringer’s solution prior to the delivery of 30µM ATP (Figure 2.3D). In all of the VSNs
tested, removal of [Ca2+]O led to a complete abolishment of the increase in [Ca2+]I elicited
by 30µM ATP (4.11 ± 0.49%; n = 4, p < 0.001, paired samples t-test), which partially
recovered following the reintroduction of [Ca2+]O (76.82 ± 7.55%; Figure 2.3E). These
results support our hypothesis that P2X receptors are responsible for the increase in
[Ca2+]I elicited by ATP in VSNs.
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P2X Receptor Antagonists Partially Blocked the ATP-Induced Inward Current
To test our hypothesis that P2X receptors are responsible for the inward current
elicited by ATP in VSNs, we used PPADS, a non-competitive general P2X receptor
antagonist. VSNs were voltage-clamped at -80mV and incubated in 5µM PPADS for ≈2
minutes prior to the co-delivery of 5µM PPADS and 30µM ATP (Figure 2.4A).
Incubation in 5µM PPADS for 2 minutes significantly blocked, but did not completely
abolish, the inward current elicited by 30µM ATP (62.03 ± 2.50%; n = 5, p < 0.0001,
paired samples t-test). This effect was observed in all VSNs tested (Figure 2.4B). The
recovery of the inward current elicited by 30µM ATP was slow and incomplete (78.32 ±
5.59%). However, the ≈2 minute incubation time of PPADS used in the present study is
consistent with an extended delay in the recovery of the inward current elicited by ATP
(Li, 2000). To explore these results further, we used TNP-ATP at a concentration which
is non-selective for P2X receptors (Virginio et al., 1998). VSNs were voltage-clamped at
-80mV and incubated in 5µM TNP-ATP for ≈2 minutes prior to the co-delivery of 5µM
TNP-ATP and 30µM ATP (Figure 2.4C). In 4 VSNs, the inward current elicited by
30µM ATP was completely abolished by incubation in 5µM TNP-ATP (0 ± 0%) and the
recovery was close to baseline (88.19 ± 3.34%). In 3 VSNs, the inward current elicited
by 30µM ATP was not significantly blocked by incubation in 5µM TNP-ATP (77.91 ±
0.07%; n = 3, p > 0.05, Wilcoxon signed rank test; Figure 2.4D). To confirm the
functional expression of P2X receptors, we performed RT-PCR with the VNO for the
P2X1, 2, and 3 receptors. While we detected gene expression of the P2X1 and 3
receptors (Figure 2.4E), we did not detect gene expression of the P2X2 receptor (data not
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shown). Gene expression of the P2X1 and 3 receptors was confirmed by sequencing.
These results further support our hypothesis that P2X receptors are responsible for the
inward current elicited by ATP in VSNs.

ATP Elicited Action Potentials and Modulated the Inward Current Elicited by Dilute
Urine
Mouse VSNs express a high density of voltage-activated sodium channels and
will fire action potentials with depolarizing current injection as low as 1pA (Liman and
Corey, 1996). Thus, we set out to determine if ATP could elicit action potentials in
stable, resting VSNs (firing frequency = 0Hz), and whether ATP could increase the
number of action potentials elicited by depolarizing current injection for 2s (firing
frequency > 0Hz). Baseline current was injected into VSNs in the perforated patchclamp configuration if necessary so that the membrane potential started at -60mV, and
either Ringer’s solution or 30µM ATP was delivered for 2s (Figure 2.5A). Upon delivery
of 30µM ATP, firing frequency was significantly increased above that observed in
Ringer’s solution (1.64 ± 0.40Hz; n = 14, p < 0.05, paired samples t-test; Figure 2.5B).
We repeated the experiment but used a 4pA injection of current for 2s during stimulus
delivery to elicit action potentials, and looked for an increase in firing frequency with the
delivery of 30µM ATP (Figure 2.5C). To our surprise, firing frequency with the delivery
of Ringer’s solution (3.50 ± 1.67Hz) and 30µM ATP (3.58 ± 0.96Hz) were not
significantly different in the presence of a 4pA injection of current for 2s (n = 5, p > 0.05,
paired samples t-test; Figure 2.5D). Despite the similar firing frequencies with the
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delivery of Ringer’s solution and 30µM ATP during depolarizing current injection, a
sustained lack of repolarization and declining action potential amplitude were observed
only in some VSNs during the delivery of 30µM ATP.
Mouse VSNs respond to the chemicals present in urine with the activation of
V1R/V2R receptors, which leads to the production of IP3 and DAG by PLC (Holy et al.,
2000; Krieger et al., 1999). DAG opens TRPC2, producing an influx of sodium and
calcium into the microvilli, the latter of which can activate CACCs and amplify the
primary response (Kim et al., 2011; Yang and Delay, 2010). We set out to determine if
ATP could increase the inward current elicited by dilute urine in VSNs. VSNs were
voltage-clamped at -80mV. Dilute urine and 30µM ATP were both delivered separately
to record the baseline inward current elicited by each stimulus. Dilute urine and 30µM
ATP were then co-delivered, followed by ≈4 minute wash before looking for recovery of
the inward current elicited by dilute urine (Figure 2.6A). The inward current elicited by
the co-delivery of dilute urine and 30µM ATP (191.10 ± 7.51%) was significantly
increased beyond that elicited by the delivery of dilute urine (100%; n = 7, p < 0.0001,
paired samples t-test) or 30µM ATP alone (150.85 ± 12.34%; n = 7, p < 0.05, paired
samples t-test). However, the inward current elicited by the co-delivery of dilute urine
and 30µM ATP was significantly less than the predicted sum of those elicited by dilute
urine and 30µM ATP (250.85 ± 12.34%, n = 7, p < 0.01, paired samples t-test). This
effect was observed in all VSNs tested (Figure 2.6B). Consistent with our hypothesis that
P2X receptors are responsible for the inward current elicited by ATP in VSNs, a partially

75

additive effect between the inward currents elicited by dilute urine and 30µM ATP was
observed.

Mechanical Stimulation of the VNO Resulted in the Release of ATP
We set out to determine if mechanical stimulation of the VNO could induce the
release of ATP. To address this question, we performed a luciferin-luciferase assay in
combination with mechanical stimulation of the VNO by gentle pipetting adapted with
minor modifications from the methods of Zhao and colleagues (2005). A transient
increase in RLU was observed at t=15 minutes, which quickly returned close to baseline
at t=20 to 25 minutes during the course of mechanical stimulation in Ringer’s solution.
This effect was abolished by the connexin/pannexin hemichannel blocker 5mM
carbenoxolone in Ringer’s solution (Figure 2.7A). For this reason, statistical analyses of
the data were performed between Ringer’s solution and 5mM carbenoxolone in Ringer’s
solution at t=10 and t=15 minutes. Mechanical stimulation of the VNO in Ringer’s
solution at t=15 minutes (3474 ± 945 RLU; ≈17nM ATP) significantly increased RLU
above baseline at t=10 minutes (831 ± 84 RLU; < 1nM ATP), indicating the release of
ATP (n = 5, p < 0.05, paired samples t-test). Conversely, mechanical stimulation of the
VNO in 5mM carbenoxolone in Ringer’s solution at t=15 minutes (440 ± 96 RLU; <
1nM ATP) had no significant effect on RLU from baseline at t=10 minutes (490 ± 159
RLU; < 1nM ATP; n = 4, p > 0.05, paired samples t-test). Moreover, 5mM
carbenoxolone in Ringer’s solution significantly abolished the increase in RLU observed
in Ringer’s solution at t=15 minutes (p < 0.05, independent samples t-test; Figure 2.7B).
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These results suggest that mechanical stimulation of the VNO is sufficient to induce the
release of ATP, and that a likely contributing mechanosensitive pathway for ATP release
are the connexin/pannexin hemichannels.
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Discussion
To our knowledge, this is the first report detailing the physiological role of ATP
in isolated mouse VSNs. VSNs displayed a high response rate to ATP that was similar to
a variety of other sensory neurons, most notably mouse bladder sensory neurons and
OSNs (Chen et al., 2010; Hegg et al., 2003). Our results indicate that ATP elicited a
concentration dependent increase in [Ca2+]I and an inward current with similar EC50s
(Figure 2.1 and Figure 2.3). Both types of responses elicited by ATP were not mimicked
by adenosine, or the P2Y receptor ligands ADP, UTP, and UDP (Abbracchio et al., 2006;
Burnstock, 2007; Ding and Sachs, 1999; Egan et al., 2006) (Figure 2.2 and Figure 2.3).
These results led us to hypothesize that both types of responses elicited by ATP were due
to activation of P2X receptors. Consistent with our hypothesis, the increase in [Ca2+]I
was completely abolished in calcium-free Ringer’s solution (Figure 2.3) and the inward
current elicited by ATP was partially blocked by the P2X receptor antagonists PPADS
and TNP-ATP (Li, 2000; Virginio et al., 1998) (Figure 2.4). Furthermore, we detected
gene expression of the P2X1 and 3 receptors but not of the P2X2 receptor in the VNO by
RT-PCR (Figure 2.4). ATP elicited action potentials in resting VSNs (Figure 2.5) and
increased the inward current elicited by dilute urine in a partially additive fashion (Figure
2.6). Our results show that ATP can be released from the VNO following mechanical
stimulation (Figure 2.7), and we conclude that a release of ATP may accompany
activation of the vasomotor pump.
A desensitization was observed in the increase in [Ca2+]I but not in the inward
current elicited by higher concentrations of ATP (Figure 2.1 and Figure 2.3). We needed
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to use a longer delivery time of ATP for our calcium imaging (10s) than we did for our
patch-clamp electrophysiology experiments (500ms) in order to measure a change in
[Ca2+]I. The longer delivery time for the higher concentrations of ATP may have
promoted a desensitization in the increase in [Ca2+]I that was not observed in the inward
current, and is likely to have affected determination of the true EC50. Nevertheless, the
similarity of the EC50s and the pharmacology of the increase in [Ca2+]I and the inward
current elicited by ATP support our hypothesis that both types of responses were due to
activation of P2X receptors. It is important to note that our results do not rule out the
expression of adenosine and P2Y receptors in VSNs, which may have a modulatory role
that is independent of increasing [Ca2+]I or an inward current (Abe et al., 2003; Brown
and Dale, 2002; Chen et al., 2010; Filippov et al., 2004). While our study focused on
VSNs, the sensory epithelium of the VNO possesses supporting cells and basal cells in
addition to sensory neurons. Activation of P2Y receptors in the sustentacular supporting
cells of the mouse and larval Xenopus laevis MOE can increase [Ca2+]I (Czesnik et al.,
2006; Hassenklöver et al., 2008; Hegg et al., 2009). In a previous study, it was reported
that P2X3 receptors are expressed by VSNs and P2Y2 receptors are expressed by
supporting cells in the sensory epithelium of the rat VNO (Gayle and Burnstock, 2004).
Our results are consistent with the author’s conclusions, and leave open the possibility
that purinergic signaling may be important for a variety of other cell types in the sensory
epithelium of the VNO.
The detection of chemicals and the propagation of action potentials by VSNs is
vital for the animal’s social and reproductive behaviors (Holy et al., 2000; Kim et al.,
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2011; Krieger et al., 1999; Liman and Corey, 1996; Yang and Delay, 2010). Our results
indicate that ATP increased the inward current elicited by dilute urine in a partially
additive fashion (Figure 2.6), which is best explained by a summed ion conductance
through both activated P2X receptors and the chemosensory signal transduction pathway.
In the mouse MOE, ATP elicits an increase in [Ca2+]I and an inward current in OSNs
through activation of P2X and P2Y receptors. Furthermore, ATP reduces the
responsiveness of OSNs to odorants, presumably by P2Y receptor mediated G-protein
inhibition (Hegg et al., 2003). Our results show that in the mouse VNO, ATP elicited an
increase in [Ca2+]I, an inward current, and an increase in the responsiveness of VSNs to
dilute urine through activation of P2X receptors. Thus, a fundamental difference exists in
the mechanisms by which purine nucleotides alter [Ca2+]I and excitability as well as
modulate chemosensation in these closely related cell types. While ATP elicited action
potentials, the number of action potentials that occurred during depolarizing current
injection was unaffected by the presence of ATP (Figure 2.5). VSNs express bigconductance calcium-activated potassium channels (BK)s and L-type voltage dependent
calcium channel (VDCC)s which underlay persistent firing (Ukhanov et al., 2007; Zhang
et al., 2008). Therefore, it is possible that ATP modulates BK or L-type VDCCs in such
a way to elicit a sustained lack of repolarization and declining action potential amplitude.
One of the most interesting questions raised by our results is the source(s) of ATP
for VSNs. While undiluted urine may represent a significant source of ATP for VSNs,
we explored the possibility of local, tissue-specific sources of ATP (Turner et al., 2010).
A group of solitary chemosensory cells reside at the posterior part of the mouse VNO
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lumen where it connects to the nasopalatine duct. These cells can respond to bitter
molecules and detect excessively high concentrations of salts that would be damaging to
the VNO (Ogura et al., 2010). By doing so, pollutants can be actively excluded from the
VNO, and under normal circumstances, would likely never reach the concentrations that
can result in the release of ATP from the MOE (Hegg and Lucero, 2006). Due to the
anatomical segregation of the VNO from the nasal cavity, sympathetic control of the
vasomotor pump facilitates the movement of chemicals into the VNO for detection by
VSNs (Ben-Shaul et al., 2010; Meredith, 1994; Meredith and O’Connell, 1979; Cantó
Soler and Suburo, 1998). Mechanosensitive pathways for the local release of ATP in a
variety of tissues have begun to emerge in the literature (Chen et al., 2010; Homolya et
al., 2000; Newman, 2001; Sipos et al., 2009; Zhao et al., 2005). Connexin hemichannels
are responsible for the mechanosensitive release of ATP in the nephron of the kidney and
cochlea (Sipos et al., 2009; Zhao et al., 2005). Connexin 36, 31.1, and 30.1 are expressed
in the sensory epithelium of the mouse VNO (Zhang and Restrepo, 2003; ZhengFischhöfer et al., 2007; Zheng-Fischhöfer et al., 2007).
Since the VNO undergoes continual contractions and relaxations during the
activation of the vasomotor pump, and that the expansion of the lumen when filled with
fluids could exert a mechanical force on the sensory epithelium, we hypothesized that one
possible source of ATP for VSNs may be release by mechanical stimulation. With
mechanical stimulation by gentle pipetting of the VNO, we observed a transient release
of ATP using luciferin-luciferase luminometry that returned close to baseline during the
later course of mechanical stimulation (Figure 2.7). These results are different from
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those observed in the cochlea, where a sustained release of ATP occurred during the
entire course of mechanical stimulation (Zhao et al., 2005). It is likely that the amount of
ATP available for release was used up quickly by our experimental protocol given the
duration of mechanical stimulation by gentle pipetting used in the present study (15
minutes). In the presence of the connexin/pannexin hemichannel blocker carbenoxolone,
mechanical stimulation by gentle pipetting of the VNO was insufficient to induce the
release of ATP (Figure 2.7). While the connexins known to be expressed in the mouse
VNO have been primarily localized to the sensory epithelium, we can not rule out the
expression of additional connexins/pannexins in the nonsensory epithelium that may have
contributed to the release of ATP during mechanical stimulation. Taken together, our
results suggest that mechanical stimulation of the VNO can induce the release of ATP,
presumably through connexin/pannexin hemichannels.
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Abbreviations
AC, adenylyl Cyclase; ADP, adenosine 5’-disphosphate; ANOVA, analysis of variance;
ATP, adenosine 5’-triphosphate; BK, big-conductance calcium-activated potassium
channel; CACC, calcium-activated chloride channel; ConA, concanavlin A; DAG,
diacylglycerol; Fura-2, AM, fura-2, acetoxymethyl; IP3, inositol-1,4,5-trisphosphate;
MOE, main olfactory epithelium; OSN, olfactory sensory neuron; PLC, phospholipase C;
PPADS, pyridoxal-phosphate-6-azophenyl-2’,4’-disulfonate; RLU, relative light unit;
TNP-ATP, 2',3'-O-(2,4,6-trinitrophenyl) adenosine 5'-triphosphate; TRPC2, transient
receptor potential channel type 2; UDP, uridine 5’-disphosphate; UTP, uridine 5’triphosphate; VDCC, voltage dependent calcium channel; VNO, vomeronasal organ;
VSN, vomeronasal sensory neuron.
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Figure Legends
Figure 2.1. ATP Elicited a Concentration Dependent Inward Current. Isolated
VSNs were voltage-clamped at -80mV and 1µM, 10µM, 30µM, 50µM, and 100µM ATP
were delivered for 500ms with ≈2 minute wash. (A) In a representative VSN, 1µM ATP
did not elicit any measurable membrane current, 10µM ATP elicited a sub-maximal
inward current, and 30µM, 50µM, and 100µM ATP elicited near maximal inward
currents. (B) The normalized inward currents were fit with a non-linear Hill regression
(r2 = 0.9985) and the EC50 was calculated to be ≈6.24µM (n = 6, Mean ± SEM). (C) A
frequency distribution plotting the number of VSNs (y-axis) that responded to 30µM
ATP with an inward current of amplitudes (x-axis) ranging from 0pA (no response) to
80pA (maximum response observed).

Figure 2.2. Adenosine, ADP, UTP, and UDP did not Mimic the Inward Current
Elicited by ATP. Isolated VSNs were voltage-clamped at -80mV. 30µM ATP was
delivered for 500ms followed by ≈2 minute wash and either 30µM adenosine, ADP,
UTP, or UDP. In four separate, representative VSNs, no measurable membrane current
was elicited by (A) 30µM adenosine (n = 10), (B) ADP (n = 5), (C) UTP (n = 3), or (D)
UDP (n = 4).

Figure 2.3. ATP Elicited a Concentration Dependent Increase in [Ca2+]I that
Required [Ca2+]O and was not Mimicked by Adenosine, ADP, UTP, or UDP.
Isolated VSNs were loaded with fura 2, AM. (A) 1µM, 10µM, 30µM, 50µM, and
88

100µM ATP were delivered for 10s with ≈2 minute wash. In a representative VSN, 1µM
ATP elicited a small increase in [Ca2+]I while 10µM and 30µM ATP elicited near
maximal increases in [Ca2+]I. A desensitization was observed with the increases in
[Ca2+]I elicited by 50µM and 100µM ATP. (B) The normalized increases in [Ca2+]I were
fit with a non-linear Hill regression (r2 = 0.9741) and the EC50 was calculated to be

≈1.40µM (n = 6, Mean ± SEM). (C) 30µM ATP was delivered for 10s followed by ≈2
minute wash and 30µM adenosine, ADP, UTP, and UDP. In a representative VSN, no
increase in [Ca2+]I was elicited by 30µM adenosine (labeled as “A”), ADP, UTP, and
UDP (n = 4). (D) 30µM ATP was delivered for 10s followed by ≈2 minute wash.
Ringer’s solution was replaced with calcium-free Ringer’s solution for ≈2 minutes
followed by the delivery of 30µM ATP. Recovery of the increase in [Ca2+]I elicited by
30µM ATP was determined after calcium-free Ringer’s solution was replaced with
Ringer’s solution for ≈2 minutes. In a representative VSN, removal of [Ca2+]O
completely abolished the increase in [Ca2+]I elicited by 30µM ATP. (E) The average
normalized increases in [Ca2+]I for the first delivery of 30µM ATP, delivery of 30µM
ATP in calcium-free Ringer’s solution, and delivery of 30µM ATP after ≈2 minute wash
are displayed in the histogram (n = 4, Mean ± SEM; paired samples t-test). *p < 0.05,
**p < 0.001, ***p < 0.0001.

Figure 2.4. The P2X Receptor Antagonists PPADS and TNP-ATP Partially Blocked
the Inward Current Elicited by ATP. Isolated VSNs were voltage-clamped at -80mV.
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(A) 30µM ATP was delivered for 500ms followed by ≈2 minute wash. The VSNs were
then incubated in 5µM PPADS for ≈2 minutes followed by the co-delivery of 30µM ATP
and 5µM PPADS for 500ms. Recovery of the inward current elicited by 30µM ATP was
determined after PPADS was washed off for ≈30 minutes. In a representative VSN,
incubation in 5µM PPADS for ≈2 minutes prior to the co-delivery of 30µM ATP and
5µM PPADS partially blocked the inward current elicited by 30µM ATP. (B) The
normalized inward currents elicited by the first delivery of ATP, co-delivery of 30µM
ATP and 5µM PPADS, and the delivery of 30µM ATP after ≈30 minute wash are
displayed in the boxplot for each VSN tested. The average normalized inward currents
elicited by the first delivery of 30µM ATP and the co-delivery of 30µM ATP and 5µM
PPADS are displayed in the histogram (n = 5, Mean ± SEM; paired samples t-test). (C)
30µM ATP was delivered for 500ms followed by ≈2 minute wash. The VSNs were then
incubated in 5µM TNP-ATP for ≈2 minutes followed by the co-delivery of 30µM ATP
and 5µM TNP-ATP for 500ms. Recovery of the inward current elicited by 30µM ATP
was determined after TNP-ATP was washed off for ≈2 minutes. In a representative VSN,
incubation in 5µM TNP-ATP for ≈2 minutes prior to the co-delivery of 30µM ATP and
5µM TNP-ATP completely abolished the inward current elicited by 30µM ATP. (D) The
inward currents elicited by the first delivery of 30µM ATP, the co-delivery of 30µM ATP
and 5µM TNP-ATP, and the delivery of 30µM ATP after ≈2 minute wash are displayed
in the boxplot for each VSN tested (n = 7). (E) Gene expression of the P2X1 (382bp)
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and 3 (252bp) receptors was detected by RT-PCR in the VNO. L = Ladder, + =
Experimental groups, – = Control groups. *p < 0.05, **p < 0.001, ***p < 0.0001.

Figure 2.5. ATP Elicited Action Potentials but did not Change the Number of
Action Potentials during Depolarizing Current Injection. Current was injected into
isolated VSNs if necessary so that the membrane potential started at -60mV, and Ringer’s
solution or 30µM ATP were delivered for 2s in either the absence (A & B) or presence of
a 4pA injection of current for 2s (C & D). (A) In a representative VSN, 30µM ATP
elicited action potentials while Ringer’s solution did not elicit any response. (B) The
average firing frequencies in Ringer’s solution and 30µM ATP are displayed in the
histogram (n = 14, Mean ± SEM; paired samples t-test). (C) In a representative VSN,
30µM ATP elicited the same number of action potentials as Ringer’s solution in the
presence of a 4pA injection of current for 2s. (D) The average firing frequencies in
Ringer’s solution and 30µM ATP in the presence of a 4pA injection of current for 2s are
displayed in the histogram (n = 6, Mean ± SEM; paired samples t-test). *p < 0.05, **p <
0.001, ***p < 0.0001.

Figure 2.6. ATP Increased the Inward Current Elicited by Dilute Urine in a
Partially Additive Fashion. Isolated VSNs were voltage-clamped at -80mV and 30µM
ATP was delivered for 500ms followed by ≈2 minute wash. 1:100 urine was delivered
for 500ms followed by ≈2 minute wash. After recording the baseline inward currents
elicited by 1:100 urine and 30µM ATP, 1:100 urine and 30µM ATP were co-delivered
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for 500ms. The recovery of the inward current elicited by 1:100 urine was determined
after the VSNs were washed for ≈4 minutes. (A) In a representative VSN, the inward
current elicited by the co-delivery of 1:100 urine and 30µM ATP was partially additive.
(B) The inward currents elicited by 1:100 urine, the co-delivery of 1:100 urine and 30µM
ATP, and delivery of 1:100 urine after ≈4 minute wash are displayed in the boxplot for
each VSN tested. The inward current elicited by 30µM ATP was normalized to the first
delivery of 1:100 urine for all VSNs and is displayed as an average in the boxplot (Mean
± SEM). The average normalized inward currents elicited by the delivery of 30µM ATP,
first delivery of 1:100 urine, and co-delivery of 1:100 urine and 30µM ATP are displayed
in the histogram (n = 7, Mean ± SEM; paired samples t-test). *p < 0.05, **p < 0.001,
***p < 0.0001.

Figure 2.7. Mechanical Stimulation of the VNO Induced the Release of ATP and
was Blocked by Carbenoxolone, a Connexin/Pannexin Hemichannel Blocker. The
VNO was incubated in 200µL Ringer’s solution or 5mM carbenoxolone in Ringer’s
solution for 45 minutes. The medium was sampled every 5 minutes and replaced. From
t=10 to 25 minutes, the VNO was mechanically stimulated by gentle pipetting. All
samples were analyzed by a luciferin-luciferase assay. (A) The average RLU for all
experiments at all time points are displayed for Ringer’s solution (n = 5, squares) and
5mM carbenoxolone in Ringer’s solution (n = 4, triangles) in the boxplot (Mean ± SEM).
A transient increase in RLU was observed at t=15 minutes and returned close to baseline
at t=20 to 25 minutes during the course of mechanical stimulation in Ringer’s solution,
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indicating the release of ATP. This effect was abolished by 5mM carbenoxolone in
Ringer’s solution. (B) The average RLU for Ringer’s solution (n = 5) and 5mM
carbenoxolone in Ringer’s solution (n = 4) at baseline (t=10 minutes; white bars) and
during mechanical stimulation (t=15 minutes, gray bars) are displayed in the histogram
(Mean ± SEM; paired and unpaired samples t-test). *p < 0.05, **p < 0.001, ***p <
0.0001.
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CHAPTER 3
MODULATION OF SODIUM CHANNELS AND MEMBRANE EXCITABILITY
IN MOUSE VOMERONASAL SENSORY NEURONS BY ADP
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Abstract
The mouse vomeronasal organ (VNO) is a chemosensory structure located at the
base of the nasal cavity that regulates many social and fear related behaviors. Social
odorants, colloquially known as pheromones, are detected within the lumen of the VNO
by bipolar vomeronasal sensory neuron (VSN)s. We showed previously that ATP, a
neuromodulator in chemosensory systems, elicited action potentials and produced a
partially additive effect on odorant responses in VSNs through activation of iontropic
P2X receptors. However, it was unclear if G-protein coupled P2Y receptors were
involved in modulating the membrane excitability of VSNs. As purine nucleotides
modulate sodium channel (NaV)s independently of P2Y receptor activation, we
hypothesized that ATP and its metabolite ADP would decrease sodium current (INa) in
VSNs and hyperpolarize the voltage dependence of activation and steady state
inactivation. Using whole cell patch clamp, we observed that while ATP was without
effect, ADP hyperpolarized the voltage dependence of steady state inactivation in a
subset of VSNs. This effect was abolished by suramin, a purinergic receptor antagonist,
and mimicked by 1-oleoyl-2-acetyl-sn-glycerol (OAG), a membrane permeable PKC
activator. However, neither ATP nor ADP had any effect on the voltage dependence of
activation, fast inactivation, or time dependent recovery from inactivation. We also
detected gene expression of P2Y1, 2, and 6 receptors by RT-PCR with RNA from the
VNO and the presence of P2Y1 and 2 receptors by immunocytochemistry in isolated
VSNs. Furthermore, our data showed a reversible increase in spike frequency but no
change in an action potential’s amplitude, latency, halfwidth, or threshold voltage in the
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presence of ADP. We conclude that activation of a P2Y or P2Y-like receptor in VSNs
leads to a novel form of NaV modulation, possibly through PKC phosphorylation and
subsequent stabilization of the inactivated state, and a decrease in spike adaptation.
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Introduction
The mammalian accessory olfactory system, which detects behaviorally relevant
odorants, is critical for proper nursing, mating, aggression, and predator avoidance
(Bellringer et al., 1980; Chamero et al., 2011; Johns et al., 1978; Lomas and Keverne,
1982; Reynolds and Keverne, 1979; Stowers et al., 2002). The vomeronasal organ
(VNO) is the primary sensory organ of the accessory olfactory system. In rodents, the
VNO is encased within a bony capsule at the base of the nasal cavity and uses a
sympathetically driven vasomotor pump to deliver odorants to the lumen (Ben-Shaul et
al., 2010; Meredith and O’Connell, 1979; Meredith, 1994; Ogura et al., 2010; Wysocki
and Beauchamp, 1980). In mice, urine is a rich source of behaviorally relevant
nonvolatile small peptide and sulfated steroid odorants (Bacchini et al., 1992; LeindersZufall et al., 2004; Nodari et al., 2008).
Chemosensory signal transduction occurs in the sensory epithelium by
vomeronasal sensory neuron (VSN)s, which are bipolar neurons with a single axon that
projects to the accessory olfactory bulb and a single dendrite capped with microvilli that
project into the lumen. Within the microvilli, activation of G-protein coupled V1R/V2R
receptors by odorants stimulates phospholipase C (PLC) and leads to the production of
inositol-1,4,5-trisphosphate and diacylglycerol (DAG). DAG gates transient receptor
potential channel 2 (TRPC2), a nonselective cation channel, resulting in membrane
depolarization and the elicitation of action potentials. The primary response is further
amplified through calcium activated chloride channel (CACC)s (Kim et al., 2011; Yang
and Delay, 2010). VSNs are remarkably sensitive to small current injections and can
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sustain long duration, high frequency spike trains with variable degrees of adaptation
(Ukhanov et al., 2007).
The voltage activated sodium channel (NaV) is critical for the generation of
action potentials. Of the nine currently known isoforms of the core α subunit (NaV1.19), NaV1.1, 2, and 3 are expressed in the sensory epithelium of the mouse VNO and
NaV1.7 is expressed on the axons of VSNs (Fieni et al., 2003; Rupasinghe et al., 2012).
Indeed, loss of NaV1.7 is associated with both decreased pain perception and anosmia in
humans and mice (Weiss et al., 2011). In neurons, the α subunit is an important
regulatory target of both neurotransmitter and hormone receptors. G-protein coupled
receptors that activate protein kinase A (PKA), such as dopamine, gonadotropin releasing
hormone, and odorant receptors (Cantrell et al., 1997; Eisthen et al., 2000; Schiffmann et
al., 1995; Wetzel et al., 2001; Zhang and Delay, 2007), decrease sodium current (INa) in
neurons. In addition to PKA, the activation of protein kinase C (PKC) by muscarinic and
G-protein coupled serotonin receptors (Cantrell et al., 1996; Carr et al., 2002) also
decreases INa in neurons. Moreover, noncanonical PKCs (i.e. PKCϵ) that are not
activated through the release of intracellular calcium can decrease INa (Chen et al., 2005).
The PKA and PKC pathways, as well as activated G-proteins, can simultaneously
converge on NaV and allow for dynamic regulation from a varied assortment of receptor
inputs (Li et al., 1993; Ma et al., 1994; Schubert et al., 1989).
The purinergic receptors are a class of purine nucleotide gated ion channels
(P2X1-7 receptors) and G-protein coupled receptors (P2Y1, 2, 4, 6, 11, 12, 13, and 14
receptors). They are expressed by a variety of chemosensory neurons, most notably taste
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receptor cells and olfactory sensory neuron (OSN)s (Hegg et al., 2003; Huang et al., 2007
and 2009; Huang and Roper, 2010). We have shown that mechanical stimulation of the
mouse VNO triggered the release of ATP. Activation of P2X receptors by ATP in VSNs
increases excitability both in the presence and absence of dilute urine. Furthermore, we
found no evidence of functional P2Y receptors (Vick and Delay, 2012). However, in
addition to the release of intracellular calcium, activation of P2Y receptors modulates
different types of ion channels including delayed rectifier potassium channels (Brown
and Dale, 2002; Nakazawa et al., 1994), big conductance calcium activated potassium
channels (Coppi et al., 2012; Hede et al., 2005; Schicker et al., 2010), inward rectifier
potassium channels (Filippov et al., 2004), and voltage activated calcium channels (Abe
et al., 2003; Borvendeg at al., 2003; Filippov et al., 1998; Vartian and Boehm, 2001).
Interestingly, NaV is also modulated by purine nucleotides but independently of P2Y
receptor activation (El-Sherif et al., 2001; Joo Choi et al., 2003; Park et al., 2004; Scamps
and Vassort, 1994), suggesting that purine nucleotides may directly bind to NaV
(Williams, 2006).
In the current study, we hypothesized that purine nucleotides would decrease INa
and hyperpolarize the voltage dependence of activation and steady state inactivation in
mouse VSNs independently of P2Y receptor activation. Instead, we found that the
voltage dependence of activation, fast inactivation, and time dependent recovery from
inactivation, all previously shown to be modulated by purine nucleotides in neurons, were
unaffected. However, the voltage dependence of steady state inactivation was (1)
reversibly hyperpolarized by ADP, (2) only present in a subset of VSNs, (3) abolished by
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the purinergic receptor antagonist suramin, and (4) mimicked by the membrane
permeable PKC activator 1-oleoyl-2-acetyl-sn-glycerol (OAG). Functionally, we
observed reversible increase in spike frequency but no change in an action potential’s
amplitude, latency, halfwidth, or threshold voltage in the presence of ADP. Consistent
with the possibility of P2Y receptor mediated modulation of NaV and membrane
excitability, we detected gene expression of P2Y1, 2, and 6 receptors by RT-PCR with
RNA from the VNO and the expression of P2Y1 and 2 receptors by
immunocytochemistry in isolated VSNs. We conclude that P2Y or P2Y-like receptor
activation in VSNs leads to a novel form of NaV modulation, possibly through PKC
phosphorylation and subsequent stabilization of the inactivated state, and a decrease in
spike adaptation.
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Methods
VNO Dissection and VSN Isolation
Male and female C57BL/6 and BALB/C mice (Charles River Laboratory;
Wilmington, MA) were maintained on a 12hr light/12hr dark cycle with food and water
provided ad libitum in accordance with the University of Vermont’s Institutional Animal
Care and Use Committee. Mice were euthanized by CO2 asphyxiation followed by
cervical dislocation. The head was removed, cut bilaterally, and the entire VNO
dissected out. VSNs were isolated with slight modifications from a previously published
protocol (Ghiaroni et al., 2002). Briefly, the VNO was mechanically dissected in
nominally divalent cation-free Ringer’s solution (in mM: 140 NaCl, 5 KCl, 10 HEPES, 2
EGTA, 10 Glucose; pH 7.4) supplemented with 1mg/mL collagenase and 0.1mg/mL
trypsin for ≈10 minutes. Following mechanical dissection, the cell suspension was gently
rocked on a Boekel Orbitron Rotator II for ≈50 to 65 minutes. After centrifugation for 1
minute at 4,600rpm, the supernatant was decanted. The VSNs were resuspended in either
cadmium Ringer’s solution (in mM: 138 NaCl, 5 KCl, 10 HEPES, 2 MgCl2, 2 CaCl2, 0.1
CdCl2, 10 Glucose; pH 7.4) for recording of sodium current (INa), or standard Ringer’s
solution (in mM: 138 NaCl, 5 KCl, 10 HEPES, 2 MgCl2, 2 CaCl2, 10 Glucose; pH 7.4),
for recording of action potentials, that was supplemented with 1mg/mL DNase I for ≈15
minutes. The VSNs were plated on glass coverslips for patch clamp electrophysiology
and remained viable for 5 to 6 hours.
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Chemical/Drug Preparation
All chemicals/drugs were dissolved in Ringer’s solution to their final
concentrations unless noted otherwise. ATP magnesium salt, ADP monopotassium salt
dihydrate/sodium salt, GTP sodium salt hydrate, OAG, DNase I (Clostridium
histolyticum), and collagenase type I (bovine pancreas) were purchased from Sigma
Aldrich (St. Louis, MO). OAG was dissolved in DMSO. Suramin sodium salt and
papain were purchased from Calbiochem (Merck KGaA; Darmstadt, Germany). 0.25%
Trypsin-EDTA (1x) was purchased from Gibco (Life Technologies; Grand Island, NY).
Leupeptin was purchased from USB (Affymetrix; Santa Clara, CA).

Whole Cell Patch Clamp Electrophysiology
INa
VSNs were washed before recording with cadmium Ringer’s solution. Electrodes
with a resistance of 1 to 5MΩ were pulled from LE16 glass capillaries using a P-97
Flaming/Brown Micropipette puller and filled with cesium intracellular solution (in mM:
140 CsCl, 10 HEPES, 3 EGTA, 2 ATP, 0.5 GTP; pH 7.4; Ukhanov et al., 2007). Once a
high resistance seal was formed (≥1GΩ), the membrane was ruptured with gentle suction
and/or 100µs to 50ms zap to achieve the whole-cell configuration. The electrode solution
was allowed to dialyze with the interior of the cell for ≈2 minutes. In this way, INa was
isolated by blocking calcium channels with extracellular cadmium and potassium
channels with intracellular cesium. The voltage dependence of activation was determined
after 150ms prepulses to -130mV followed by 50ms voltage steps in 10mV increments
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from -80 to 30mV. The voltage dependence of steady state inactivation was determined
by 150ms prepulses in 10mV increments from -130 to -20mV followed by 50ms test
pulses to the voltage that elicited maximal INa (typically -20 to 0mV). The time
dependent recovery from inactivation was determined by 150ms prepulses to -20mV
followed by 0 to 15ms recovery pulses in 1ms increments to -130mV and 25ms test
pulses to the voltage that elicited maximal INa.

Action Potentials
VSNs were washed before recording with standard Ringer’s solution. Electrodes
with a resistance of 3 to 6MΩ were filled with standard intracellular solution (in mM:
110 K-Gluconate, 10 NaCl, 30 KCl, 10 HEPES, 3 EGTA, 1 MgCl2, 0.023 CaCl2, 2 ATP,
0.5 GTP; pH 7.4). Once a high resistance seal was formed (≥1GΩ), the membrane was
ruptured to achieve the whole-cell configuration and the electrode solution was allowed
to dialyze with the interior of the cell for ≈2 minutes. Current was injected into VSNs in
order to maintain the membrane potential close to -60mV. Action potentials were elicited
by 2s depolarizing current injections in 2pA increments from 0 to 20pA.

Data Acquisition and Analysis
Currents and voltages were recorded with an Axon Instruments CV-7A or B
headstage connected to a Multiclamp 700A that was integrated by a Digidata 1322A to a
Dell PC running pClamp 8.2. INa was recorded after neutralization of cell capacitance
with a Bessel filter of 4kHz and a sampling frequency of 50kHz. Action potentials were
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recorded with a sampling frequency of 20kHz. A Warner fast-step SF-77B perfusion
system was used to deliver test solutions to VSNs under continuous bathflow. Each VSN
received a single voltage clamp (either voltage dependence of activation, steady state
inactivation, or time dependent recovery from inactivation) or current injection protocol
and a single drug. INa and action potentials were recorded after incubation in both vehicle
and vehicle + drug for 30s and 2 minutes and after wash for 30s and 2 minutes. This was
done in order to quantify spontaneous changes in INa or action potentials and evaluate the
stability of the recording configuration on a cell-by-cell basis. For INa, VSNs had (1)
series resistances consistently about 10MΩ (range: 2 to 18 MΩ), (2) no clear indication
of space clamp present, and (3) INa > 500pA for the duration of the experiment. No effort
was made to compensate for series resistance but the voltages used for curve fitting were
adjusted offline based on the calculated voltage error. For action potentials, VSNs had no
substantial (1) deviations in membrane potential from -60mV and (2) spike rundown for
the duration of the experiment.
To analyze the voltage dependence of activation, the INa recorded at each voltage
step was normalized to the maximal INa, plotted against the corresponding voltage step,
and fit with the Boltzmann equation

I /IMax =

A1 + A2
+ A2
1+ e(x− x 0 )/ dx

Eq. 1. Boltzmann Equation
where A1 and A2 are the upper and lower asymptotes respectively, x0 is the V1/2 of
activation, and dx is the slope factor. Fast inactivation was also determined for INa
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recorded at each voltage step by normalizing all sampled points to the peak point within a
sweep and fitting with a single exponential equation
y = y o + Ae − x / t

Eq. 2. Single Exponential Equation
where τ is the time constant of fast inactivation. To analyze the voltage
dependence of steady state inactivation, the test pulse INa recorded after each prepulse
was normalized to the test pulse INa recorded after the -130mV prepulse, plotted against
the corresponding prepulse, and fit with the Boltzmann equation. The parameters were
the same as those of Eq. 1, with the exception that x0 is the V1/2 of steady state
inactivation. To analyze the time dependent recovery from inactivation, the test pulse INa
recorded after each recovery pulse was normalized to the test pulse INa recorded after a
150ms recovery pulse, plotted against the corresponding recovery pulse duration, and fit
with a single exponential equation. The parameters were the same as those of Eq. 2, with
the exception that τ is the time constant of recovery from inactivation. All curve fitting
was done with the data from individual VSNs using Origin 7.5 Software.
The analysis of action potentials was performed with a custom made script
(http://www.mathworks.com/matlabcentral/fileexchange/45667-apanalysis) that partially
consisted of downloaded material from MatLab Central, a free file exchange endorsed by
MatLab, and was partially written by the authors. Outputs included spike frequency,
action potential amplitudes and their latencies, halfwidths, and threshold voltages. An
action potential was considered to have occurred when the voltage exceeded 0mV. Spike
frequency (Hz) was calculated by dividing the number of action potentials that occurred

112

during the sweep by 2s, the duration of the current injection. Amplitude (mV) was
calculated by estimating the difference between the action potential's maximum voltage
at the end of the rising phase and minimum voltage during the falling phase. Action
potential latency (s) was calculated by the spike_times.m script (Rune W. Berg;
http://www.mathworks.com/matlabcentral/fileexchange/27600-spiketimes-m). Halfwidth
(s) was calculated by finding points on the rising and falling phases that were closest to
50% of the calculated amplitude. Finally, threshold voltage (mV) was calculated by the
knee_pt.m script that searches for a "knee point" on a curve (Dmitry Kaplan;
http://www.mathworks.com/matlabcentral/fileexchange/35094-knee-point). Briefly, the
“knee point” is calculated by approximating the given time series with two linear
regressions from opposite ends of a sequentially chosen bisection point and proceeding
until a point is found where both linear regressions have a minimal sum of errors. Other
scripts that were used include abfload.m (Harald Hentschke ;
http://www.mathworks.com/matlabcentral/fileexchange/6190-abfload), for loading
pClamp files into the MatLab workspace, and fast_smooth.m (Tom O'Haver ;
http://www.mathworks.com/matlabcentral/fileexchange/19998-fast-smoothing-function),
for smoothing the time series. Smoothing the time series increased the performance of
spike_times.m and knee_pt.m by dampening the noise in order to better resolve major
patterns to the algorithms.
Data are presented as mean ± SEM. All data was tested for normality with the
Shapiro-Wilk test using Origin 7.5 software. Paired samples t-tests were used to compare
within treatments using Origin 7.5 software. Multiple comparisons in a single treatment
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were performed using repeated measures one-way analyses of variance (ANOVA)s and
one-way ANOVAs with Bonferroni post-hocs using GraphPad Prism 6.0 software. All
figures were produced using Origin 7.5 software and Adobe Photoshop.

RT-PCR
Total RNA was isolated from the VNO using Qiagen’s RNeasy Mini Kit
according to manufacturer’s instructions with an additional step of DNA digestion using
Qiagen’s RNase-Free DNase Kit. cDNA was synthesized with 2.5µM random hexamers
(Applied Biosystems/Life Technologies; Grand Island, NY) and 200U SuperScript III
Reverse Transcriptase (RT; Invitrogen/Life Technologies; Grand Island, New York) from

≈1µg of total RNA in a volume of 20µL. A negative control was performed by omitting
SuperScript III Reverse Transcriptase (RT) to ensure that any of the desired PCR
products came from cDNA and not contaminating DNA. RNaseOUT (Invitrogen), a
ribonuclease inhibitor, was added to the reactions to prevent degradation of RNA. PCR
was performed using 1µL of cDNA, 2.5mM MgCl2 (Invitrogen), 12.5pmol forward and
reverse primers, 200µM dNTPs (New England BioLabs; Ipswich, MA), 10x reaction
buffer (Invitrogen), and 1.25U Taq polymerase (Invitrogen) in a volume of 25µL. Primer
sequences for the P2Y1, 2, 4, and 6 receptors were the same as those used by del Rey and
colleagues (2006). The following PCR conditions were used: 94oC for 5 minutes, 35
cycles of 94oC for 45s, 54oC for 30s, 72oC for 30s, and 72oC for 5 minutes. PCR
products were purified from agarose gels using Omega Bio-Tek’s Gel Extraction Kit
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according to manufacturer’s instructions and sequenced at the Vermont Cancer Center
DNA Analysis Facility (http://www.vermontcancer.org/).

Immunocytochemistry
VSNs were isolated either with the same protocol used in the current study for
patch clamp electrophysiology or with our previously published protocol (Vick and
Delay, 2012). VSNs were plated on glass cover slips treated with concanavalin A
(Calbiochem/Merck KGaA; Darmstadt, Germany). After 30 minutes, VSNs were fixed
with 4% paraformaldehyde in 0.1M PBS for 15 minutes. The cover slips were washed
three times with 0.1M PBS, placed in preincubation buffer (6.5% normal goat serum and
10% Triton-X-100 (Acros Organics; Geel, Belgium) in 0.1M PBS) for 30 minutes, and
incubated with a 1:500 dilution of the rabbit anti-mouse P2Y1 or 2 primary antibody
(Alomone Labs; Jerusalem, Israel) for 24 hours at 4°C. Both the P2Y1 and 2 primary
antibodies recognize the appropriate third intracellular loop between transmembrane
domains 5 and 6. In each experiment, a negative control was performed by omitting the
appropriate primary antibody. After incubation in the primary antibody, the cover slips
were washed three times with 0.1M PBS for 5 minutes and incubated with a 1:1000
dilution of the secondary goat anti-rabbit TRITC conjugated antibody (Invitrogen) for 1
hour. After incubation in the secondary antibody, the cover slips were washed 2 times
with 0.1M PBS for 5 minutes. A final wash with distilled water was performed before
mounting the cover slips with Fluoromount-G to prevent crystallization during storage at
4°C. Isolated VSNs were imaged with a Keyence BZ-9000 Fluorescence microscope and
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processed with BZ-II Analyzer software. VSNs were positively identified by the
presence of the dendrite and dendritic knob. Images were obtained using a 40x objective
at 68x magnification with the same exposure for experimental and negative control cover
slips.
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Results
ATP and ADP do not Affect the Voltage Dependence of Sodium Current (INa) Activation
or Fast Inactivation
In dorsal root ganglion (DRG) neurons, ATP decreases TTX-sensitive INa and
hyperpolarizes the voltage dependence of activation and steady state inactivation (Joo
Choi et al., 2003). These effects do not involve the activation of P2Y receptors and were
nonspecific among a variety of tri- and diphosphate nucleotides (Park et al., 2004).
Similarly, ATP decreased INa in hippocampal neurons and hyperpolarized the voltage
dependence of activation and steady state inactivation (El-Sherif et al., 2001). As we
were previously unable to detect the expression of functional P2Y receptors in mouse
VSNs (Vick and Delay, 2012), we hypothesized that ATP and ADP would decrease INa
and hyperpolarize the voltage dependence of activation and steady state inactivation. To
address this question, we performed whole cell voltage clamp with isolated mouse VSNs.
VSNs were voltage clamped at -130mV for 150ms, to allow for complete deinactivation
of INa, and then from -80 to 30mV in 10mV increments to activate INa. INa was typically
activated at -50 to -40mV and peaked at -20 to 0mV, consistent with the activation of
NaV in mouse VSNs (Fieni et al., 2003; Liman and Corey, 1996; Ukhanov et al., 2007).
A sample of VSNs (n=5) was first incubated in cadmium Ringer’s solution for 2 minutes,
to empirically determine spontaneous shifts in INa, and then incubated in ADP (100µM)
for 2 minutes. ADP (100µM) had no effect on submaximal to maximal INa (Figure 3.1A)
and the V1/2 of activation (-19.15mV) was indistinguishable from that at baseline (17.22mV; Figure 3.1B, left panel). Moreover, the difference in the average absolute
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∆V1/2 of activation between ADP (100µM; 1.89 ± 0.53mV) and control (1.73 ± 0.89mV)
was not statistically significant (p=0.91, paired samples t-test; Figure 3.1E). A different
sample of VSNs (n=5) was first incubated in cadmium Ringer’s solution for 2 minutes
and then ATP (100µM) for 2 minutes. ATP (100µM) had no effect on submaximal to
maximal INa (Figure 3.1C), but the V1/2 of activation (-27.59mV) was slightly
hyperpolarized relative to that at baseline (-23.48mV; Figure 3.1D, left panel). However,
the difference in the average absolute ∆V1/2 between ATP (100µM; 1.90 ± 0.79) and
control (1.71 ± 0.55mV) was not statistically significant (p=0.82, paired samples t-test;
Figure 3.1E).
The transient nature of INa arises from a process known as fast inactivation,
whereby the decay of INa is nearly complete after a few milliseconds following activation.
For each VSN whose voltage dependence of activation was determined in both the
presence and absence of ADP (100µM) or ATP (100µM) for 2 minutes, the τ of fast
inactivation was also determined at each voltage step from -30 to 30mV. ADP (100µM)
had no effect on the decay rate of submaximal to supramaximal INa (Figure 3.1B, right
panel). Across the sample of VSNs (n=5) tested with ADP (100µM), the differences in
the average absolute ∆τ from –30 to 30mV were not statistically significant (p>0.05, oneway repeated measures ANOVA; Figure 3.1F, left panel). Similarly, ATP (100µM) had
no effect on the decay rate of submaximal to supramaximal INa (Figure 3.1D, right panel).
Across the sample of VSNs (n=5) tested with ATP (100µM), the differences in the
average absolute ∆τ from –30 to 10 and 30mV were not statistically significant (p>0.05,
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one-way repeated measures ANOVA). The difference in the average absolute ∆τ at
20mV was also not statistically significant (n=4, p=0.41, paired samples t-test; Figure
3.1F, right panel).

ADP Reversibly Hyperpolarized the Voltage Dependence of Steady State INa Inactivation
in a Subset of VSNs
To further address our hypothesis, we next examined the voltage dependence of
steady state inactivation in the presence of ATP and ADP. The voltage dependence of
activation was first determined in each VSN. The voltage that elicited maximal INa
(typically -20 to 0mV) was used as the test pulse. VSNs received 150ms prepulses from 130 to -20mV in 10mV increments to steadily inactivate INa prior to the 50ms test pulse.
A sample of VSNs (n=12) was first incubated in cadmium Ringer’s solution for 2
minutes and then incubated in ADP (100µM) for 2 minutes. When tested with ADP
(100µM), we observed consistent clustering of the ∆V1/2 into two groups where either (1)
the ∆V1/2 in ADP exceeded that in control (n=5/12; “type A”) or (2) the ∆V1/2 in ADP
was less than or equal to that in control (n=7/12; “type B”). In the type A cluster, ADP
(100µM) further decreased INa at more depolarized prepulses (Figure 3.2A) and the V1/2
of steady state inactivation (-72.64mV) was reversibly hyperpolarized from that at
baseline (-60.97mV) upon wash for 2 minutes (-63.29mV; Figure 3.2B). Furthermore,
the difference in the average absolute ∆V1/2 between ADP (100µM; 9.02 ±1.43mV) and
control (2.93 ± 1.27mV) was statistically significant in the type A cluster (p<0.05), but
the difference in the average absolute ∆V1/2 between ADP (100µM; 1.72 ± 0.29mV) and
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control (3.99 ± 0.66mV) was not statistically significant in the type B cluster (p>0.05,
one-way ANOVA). The difference in the average absolute ∆V1/2 in the controls of both
the type A and B clusters were not statistically significant (p>0.05, one-way ANOVA;
Figure 3.2C). A different sample of VSNs (n=6) was first incubated in cadmium
Ringer’s solution for 2 minutes and then ATP (100µM) for 2 minutes. ATP (100µM) did
not further decrease INa at more depolarized prepulses (Figure 3.2D) and the V1/2 of
steady state inactivation (-56.55mV) was indistinguishable from that at baseline (56.19mV; Figure 3.2E). In addition, the difference in the average absolute ∆V1/2 between
ATP (100µM; 2.89 ± 1.0mV) and control (4.76 ± 0.98mV) was not statistically
significant (p=0.16, paired samples t-test; Figure 3.2F).
These results partially supported our hypothesis that a purine nucleotide, ADP,
would decrease INa and hyperpolarize the voltage dependence of steady state inactivation.
However, there were two important caveats to this conclusion: the effect was only (1)
elicited by ADP and (2) present in a subset of VSNs. This would not be anticipated as an
outcome of purine nucleotides binding to NaV, but instead with the activation of a Gprotein coupled purinergic receptor that is expressed by only a subset of VSNs. To
explore this possibility, we examined the voltage dependence of steady state inactivation
in the presence of both suramin, a purinergic receptor antagonist, and ADP. We
hypothesized that if a P2Y or P2Y-like receptor mediates the action of ADP on
hyperpolarizing steady state inactivation, suramin would abolish the type A cluster of
VSNs where the ∆V1/2 in ADP exceeded that in control. A sample of VSNs (n=9) were
first incubated in suramin (50µM) for 2 minutes, as a control, before being washed and
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incubated in suramin (50µM) and ADP (100µM) for 2 minutes. In the presence of
suramin (50µM), ADP (100µM) in did not further decrease INa at more depolarized
prepulses (Figure 3.3A) and the V1/2 of steady state inactivation (-57.36mV) was only
slightly hyperpolarized from that at baseline (-54.46mV; Figure 3.3B). Furthermore, the
difference in the average absolute ∆V1/2 between ADP (100µM) in the presence of
suramin (50µM; 1.68 ± 0.44mV) and control (1.27 ± 0.29mV) was not statistically
significant (p=0.52, paired samples t-test; Figure 3.3C).
P2Y receptors, particularly those activated by ADP (i.e. P2Y1), are often
intracellularly coupled to PLC and PKC activation (Abbracchio et al., 2006). PKC
activation and subsequent phosphorylation of NaV is well characterized in neurons
(Cantrell et al., 1996; Carlier et al., 2006; Carr et al., 2002; Chen et al., 2005 and 2006;
Franceschetti et al., 2000; Ikeda et al., 2005; Li et al., 1993; Talon et al., 2005; Zhang and
Delay, 2007). Therefore, we next examined the voltage dependence of steady state
inactivation in the presence OAG, a membrane permeable PKC activator. We
hypothesized that since P2Y or P2Y-like receptor activation by ADP would likely result
in downstream PKC signaling, OAG would mimic the type A cluster of VSNs where the
∆V1/2 of steady state inactivation in ADP exceeded that in control. A sample of VSNs
(n=7) were first incubated in DMSO (1%) for 2 minutes, as a control, before being
washed and incubated in OAG (50µM) for 2 minutes. OAG (50µM) further decreased
INa at more depolarized prepulses (Figure 3.3D) and the V1/2 of steady state inactivation (68.76mV) was reversibly hyperpolarized from that at baseline (-55.94mV) upon wash for
2 minutes (-61.07mV; Figure 3.3E). Furthermore, the difference in the average absolute
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∆V1/2 between OAG (50µM; 8.99 ± 1.02mV) and control (2.32 ± 0.53mV) was
statistically significant (p=0.002, paired samples t-test; Figure 3.3F).

ATP and ADP did not Alter the Time Dependent Recovery from INa Inactivation
The finding that neither ATP nor ADP altered the voltage dependence of
activation or fast inactivation, but that ADP significantly hyperpolarized steady state
inactivation in a subset of VSNs, suggested the possibility that only inactivated NaV are
targets of modulation. Therefore, we next investigated the time dependent recovery from
inactivation in the presence of ATP and ADP. The voltage dependence of activation was
first determined in each VSN. The voltage that elicited maximal INa was used as the test
pulse. VSNs were voltage clamped at -130mV for 150ms, to allow for complete
deinactivation of INa, prior to the 25ms test pulse. VSNs were then voltage clamped at 20mV for 150ms, to allow for complete inactivation of INa, prior to the 0 to 15ms
recovery pulses in 1ms increments at -130mV. Lastly, each recovery pulse was followed
by a 25ms test pulse to determine the extent of recovery. A sample of VSNs (n=4) was
first incubated in cadmium Ringer’s solution for 2 minutes and then ADP (100µM) for 2
minutes. ADP (100µM) slightly increased the amount of time required for INa to recover
from inactivation (Figure 3.4A) and the τ (2.11ms) was slower from that at baseline
(1.88ms; Figure 3.4B). However, the difference in the average absolute ∆τ between ADP
(100µM; 0.53 ± 0.27ms) and control (0.68 ± 0.18ms) was not statistically significant
(p=0.70, paired samples t-test; Figure 3.4E). A different sample of VSNs (n=4) was first
incubated in cadmium Ringer’s solution for 2 minutes and then ATP (100µM) for 2
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minutes. ATP (100µM) did not alter the amount of time required for INa to recover from
inactivation (Figure 3.4C) and the τ (1.22ms) was indistinguishable from that at baseline
(1.32ms; Figure 3.4D). Moreover, the difference in the average absolute ∆τ between
ATP (100µM; 0.1 ± 0.05ms) and control (0.26 ± 0.1ms) was not statistically significant
(p=0.27, paired samples t-test; Figure 3.4E).

Gene Expression of P2Y1, 2, and 6 was Detected in the VNO and P2Y1 and 2 were
Expressed by VSNs
The hyperpolarization of steady state inactivation by ADP, along with the
abolishment by suramin and mimicry by OAG, suggested the expression of P2Y
receptors in a subset of VSNs. We performed RT-PCR with primers specific for P2Y1,
2, 4, and 6 receptors with RNA isolated from the VNO. While we were unable to detect
P2Y4 transcripts (data not shown), we detected P2Y1, 2, and 6 transcripts at the proper
product sizes and sequencing confirmed successful amplification of the target sequences.
We consistently observed an extra large band with the primers for the P2Y2 receptor that
through sequencing was identified as mucin 5 subtype B (Figure 3.5A). As P2Y1 and 2
receptors are among the most common P2Y receptors expressed by neurons, we
performed immunocytochemisty with antibodies specific to these receptors. In each
replication of the experiment (n=4 animals), we could unambiguously identify twenty to
thirty isolated VSNs by the presence of the dendrite and dendritic knob.
Immunoreactivity was detected in roughly 60 to 70% of isolated VSNs for either P2Y1 or
2. In any given VSN, the pattern of P2Y1 and 2 expression was even throughout the

123

soma, dendrite, and dendritic knob. Accordingly, the negative controls for both P2Y1
and 2 showed no immunoreactivity (Figure 3.5B).

ADP Increased Spike Frequency but did not Alter the Latency to First Spike, Amplitude,
Halfwidth, or Threshold Voltage of the Action Potential
To assess any possible consequences of NaV modulation by ADP on action
potentials, we utilized current clamp to examine the action potentials of VSNs in both the
presence and absence of ADP. Our analysis was facilitated by a custom made script
written in MatLab that automated the determination of spike frequency as well as the
latency to first spike, amplitude, halfwidth, and threshold voltage of each action potential.
We hypothesized that since NaV are essential for proper action potential generation, ADP
would reduce membrane excitability in a subset of VSNs as a consequence of the
hyperpolarization in the voltage dependence of steady state inactivation. VSNs received
2s depolarizing current injections from 0 to 20pA in 2pA increments to elicit action
potentials. A sample of VSNs (n=7) were first incubated in standard Ringer’s solution
for 2 minutes, to empirically determine spontaneous shifts in action potentials, and then
incubated in ADP (100µM) for 2 minutes. In a representative VSN, action potentials
were elicited with as little as 2pA of current injection, consistent with their highly
excitable nature (Kim et al., 2011; Liman and Corey, 1996; Shimazaki et al., 2006;
Ukhanov et al., 2007). Additionally, nearly half of all VSNs tested exhibited a decrease
in spike frequency at more depolarized current injections (typically 18 to 20pA). To our
surprise, ADP (100µM) reversibly relieved this decrease in spike frequency at more
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depolarized current injections (Figure 3.6A and B). Across the sample of VSNs tested
with ADP (100µM), there was no significant change in spike frequency relative to
control from 6 to 16pA of current injection (p>0.05, repeated measures one-way
ANOVA). However, at 18pA of current injection, there was an increase in spike
frequency in ADP (100µM; 223.2 ± 64.6%) relative to control (87.2 ± 7.5%) that was
statistically significant (p<0.05, repeated measures one-way ANOVA). Similarly at
20pA of current injection, there was an increase in spike frequency in ADP (100µM;
189.7 ± 64.5%) relative to control (72.7 ± 15.0%) that was statistically significant
(p<0.05, repeated measures one-way ANOVA; Figure 3.6C).
We next examined the latency to first spike, amplitude, halfwidth, and threshold
voltage of each action potential (Figure 3.6D). We chose to analyze the data from 6 to
20pA of current injection as there was consistent and reliable firing in every VSN.
Across the sample of VSNs (n=7) tested with ADP (100µM), there was no significant
change in latency to first spike (Figure 3.6E) or halfwidth (Figure 3.6G) relative to
control from 6 to 20pA of current injection (p>0.05, repeated measures one-way
ANOVA). While there was no significant change in amplitude (Figure 3.6F) relative to
control from 6 to 12pA and 16 to 20pA of current injection (p>0.05), there was an
increase in amplitude in ADP (100µM; 99.1 ± 2.6%) relative to control (91.3 ± 2.2%) at
14pA of current injection that was statistically significant (p<0.05, repeated measures
one-way ANOVA). Lastly, there was no significant change in threshold voltage (Figure
3.6H) relative to control from 6 to 16pA of current injection (p>0.05, repeated measures
one-way ANOVA). It is important to note that due to the degree of spike adaptation at 18
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to 20pA of current injection in control conditions, we were unable to accurately resolve
the threshold voltage for each action potential. Consequently, the threshold voltages at
18 to 20pA of current injection were incomplete and thus omitted from the analysis.
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Discussion
In the current study, we hypothesized that ATP and ADP would decrease INa and
hyperpolarize the voltage dependence of activation and steady state inactivation
independently of P2Y receptor activation. While we did not observe any change in the
voltage dependence of activation, fast inactivation (Figure 3.1), or recovery from
inactivation (Figure 3.4) by ATP or ADP, our data showed a reversible hyperpolarization
in the voltage dependence of steady state inactivation by ADP. Contrary to our original
hypothesis, this effect was specific to ADP and occurred only in a subset of VSNs
(Figure 3.2). Thus, our results suggest the possibility of P2Y or P2Y-like receptor
mediated modulation of NaV. In support of our modified hypothesis, ADP was
ineffective at inducing a hyperpolarization of steady state inactivation in the presence of
suramin, a purinergic receptor antagonist. Moreover, OAG, a membrane permeable
activator of PKC, elicited a similar hyperpolarization in the voltage dependence of steady
state inactivation as ADP (Figure 3.3). We also detected gene expression of P2Y1, 2, and
6 receptors by RT-PCR with RNA from the VNO and the presence of P2Y1 and 2
receptors by immunocytochemistry in isolated VSNs (Figure 3.5). In addition to the
decrease in INa, we observed a reversible increase in spike frequency but no change in an
action potential’s amplitude, latency, halfwidth, or threshold voltage in the presence of
ADP (Figure 3.6). We conclude that P2Y or P2Y-like receptor activation in VSNs leads
to a novel form of NaV modulation, possibly through PKC phosphorylation and
subsequent stabilization of the inactivated state, and a decrease in spike adaptation.
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P2Y receptors are well known to modulate a variety of ion channels including
delayed rectifier potassium channels (Brown and Dale, 2002; Nakazawa et al., 1994), big
conductance calcium activated potassium channels (Coppi et al., 2012; Hede et al., 2005;
Schicker et al., 2010), inward rectifier potassium channels (Filippov et al., 2004), and
voltage activated calcium channels (Abe et al., 2003; Borvendeg at al., 2003; Vartian and
Boehm, 2001). In most cases, activation of a P2Y or P2Y-like receptor results in a form
of negative feedback whereby current density is attenuated (Abe et al., 2003; Borvendeg
et al., 2003; Brown and Dale 2002; Coppi et al., 2012; Nakazawa et al., 1994; Vartian
and Boehm, 2001). Similarly, purine nucleotides modulate NaV independently of
purinergic receptor activation potentially through binding to NaV (Williams, 2006). In
DRG neurons (Choi et al., 2003; Park et al., 2004), hippocampal neurons (El-Sherif et al.
2001), and ventricular myocytes (Scamps and Vassort, 1994), ATP decreases INa and
hyperpolarizes the voltage dependence of activation and steady state inactivation.
Interestingly, the purinergic receptor antagonists, suramin and reactive blue 2, have
similar effects on INa as ATP (Choi et al., 2003; El-Sherif et al., 2001). Park and
colleagues (2004) further showed that not only ATP and the classical P2Y receptor
agonists, but other tri- and diphosphate purine nucleotides are capable of hyperpolarizing
activation and steady state inactivation. Despite the similarities in NaV expression
between mouse DRG neurons and VSNs (Fieni et al., 2003; Rupasinghe et al., 2012), we
did not observe any effects on the voltage dependence of activation, fast inactivation, or
recovery from inactivation with ATP and ADP (Figures 3.1 and 4). However, we did
observe a hyperpolarization in the voltage dependence of steady state inactivation with

128

ADP in a subset of VSNs (Figure 3.2) that was sensitive to suramin (Figure 3.3).
Therefore, our results are consistent with the actions of purine nucleotides on other ion
channels where activation of a P2Y or P2Y-like receptor and subsequent downstream
intracellular signaling is the mechanism of action.
NaV are modulated through phosphorylation by PKA, PKC, and the direct action
of G-proteins (Cantrell et al., 1996 and 1997; Chen et al., 2005 and 2006; Carr et al.,
2002; Eisthen et al., 2000; Li et al., 1993; Ma et al., 1994; Schiffmann et al., 1995;
Schubert et al., 1989; Wetzel et al., 2001; Zhang and Delay, 2007). PKA
phosphorylation of NaV leads to a decrease in INa through a decrease in single channel
open probability (Li et al., 1992) or an induction of slow inactivation (Chen et al., 2006).
PKC phosphorylation of NaV leads to a decrease in INa and fast inactivation (Cantrell et
al., 1996; Chen et al., 2005; Li et al., 1993). ADP is a potent agonist at P2Y1, 11, 13, and
14 receptors (Abbracchio et al., 2006). We detected gene expression of P2Y1, 2, and 6
receptors by RT-PCR with RNA isolated from the VNO and the presence of P2Y1 and 2
receptors by immunocytochemistry in isolated VSNs (Figure 3.5). P2Y receptors can
couple to PLC activation and subsequent downstream PKC signaling (Abbracchio et al.,
2006). We observed a consistent and reversible hyperpolarization in the voltage
dependence of steady state inactivation with OAG (Figure 3.3). The hyperpolarization in
the voltage dependence of steady state inactivation elicited by OAG was remarkably
similar to that observed with ADP in a subset of VSNs (Figures 3.2 and 3). Combined
with the lack of an effect by ADP on the voltage dependence of activation and fast
inactivation, our results are similar to those showing a selective and reversible
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hyperpolarization of steady state inactivation by PKC (Carlier et al., 2006; Carr et al.,
2002; Franceschetti et al., 2000; Ikeda et al., 2005; Talon et al., 2005). Thus, our results
suggest that activation of a suramin sensitive P2Y or P2Y-like receptor in a subset of
VSNs may lead to downstream PKC phosphorylation of NaV and stabilization of the
inactivated state.
Interestingly, ADP induced a reversible increase in spike frequency at higher
current injections. This occurred without any substantial changes in the amplitude,
latency, halfwidth, or threshold voltage of the action potential (Figure 3.6). This suggests
that despite the stabilization of the inactivated state of NaV in a subset of VSNs,
activation of a P2Y or P2Y-like receptor by ADP modulates another ion channel that
underlies persistent firing. This is similar to DRG neurons, where even though purine
nucleotides decrease INa by hyperpolarizing the voltage dependence of activation and
steady state inactivation (Joo Choi et al., 2003; Park et al., 2004), membrane excitability
is still increased (Yosuf et al., 2011). In neocortical pyramidal neurons, OAG increased
spike frequency, despite hyperpolarizing steady state inactivation, by enhancing
persistent current (Franceschetti et al., 2000). P2Y receptors can modulate big
conductance calcium activated potassium channels (Coppi et al., 2012; Hede et al., 2005;
Schicker et al., 2010), which are known to mediate persistent firing in VSNs (Ukhanov et
al., 2007), and it is possible that such modulation may override the PKC induced
stabilization of the inactivated state of NaV. In conclusion, we have provided evidence
for a novel form of NaV modulation by ADP that appeared to rely on P2Y or P2Y-like
receptor activation and downstream intracellular signaling. Moreover, we have shown

130

that ADP enhanced the membrane excitability of VSNs by decreasing spike adaptation at
higher current injections and that the genes for P2Y1, 2, and 6 receptors were expressed
in the VNO and P2Y1 and 2 receptors were expressed by isolated VSNs. Further
research will be needed in order to address any possible changes in membrane
excitability that occur as a result of stabilization of the inactivated state of NaV by ADP
and what other ion channel(s) are modulated by ADP to facilitate persistent firing in
VSNs.
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Abbreviations
AC, adenylyl cyclase; CACC, calcium activated chloride channel; DAG, diacylglycerol;
DRG, dorsal root ganglion; INa, sodium current; NaV, voltage activated sodium channel;
OAG,1-oleoyl-2-acetyl-sn-glycerol; OSN, olfactory sensory neuron; P2X, ATP-gated ion
channel; P2Y, G-protein coupled purinergic receptor; PKA, protein kinase A; PKC,
protein kinase C; PLC – phospholipase C; RT, reverse transcriptase; τ, tau; TRPC2,
transient receptor potential channel type 2; VSN, vomeronasal sensory neuron; VNO,
vomeronasal organ.
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Figure Legends
Figure 3.1. The Voltage Dependence of INa Activation and Fast Inactivation were
Unaffected by ATP and ADP. Following a 150ms deinactivating voltage step to 130mV, VSNs received 50ms voltage steps in 10mV increments from -80 to 30mV to
activate INa (see inset in panel A for protocol). (A) In a representative VSN, ADP
(100µM) had no noticeable effect on the activation or transient nature of INa relative to
baseline at all voltage steps. (B) Quantification of the voltage dependence of activation
(left side) and fast inactivation (right side) from the VSN shown in panel A revealed no
change in ADP (100µM) relative to baseline. (C) In a different VSN, ATP (100µM)
similarly had no noticeable effect on the activation or transient nature of INa relative to
baseline at all voltage steps. (D) Quantification of the voltage dependence of activation
(left side) and fast inactivation (right side) from the VSN shown in panel C revealed no
change in ATP (100µM) relative to baseline. (E) The difference in the average absolute

∆V1/2 of control and ADP (100µM) was not statistically significant (n=5, p=0.91; paired
samples t-test). In a different group of VSNs, the difference in the average absolute ∆V1/2
of control and ATP (100µM) was likewise not statistically significant (n=5, p=0.82;
paired samples t-test). (F) The differences in the average absolute ∆τ at the voltage steps
from -30 to 30mV of control and ADP (100µM; left side) were not statistically
significant (n=5, p>0.05; one-way repeated measures ANOVA). In a different group of
VSNs, the differences in the average absolute ∆τ at the voltage steps from -30 to 10 and
30mV of control and ATP (100µM; right side) were likewise not statistically significant
(n=5, p>0.05; one-way repeated measures ANOVA). The difference in the average
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absolute ∆τ at 20mV of control and ATP (100µM; right side) was also not statistically
significantly (n=4, p=0.41; paired samples t-test). ns – Not significant.

Figure 3.2. The Voltage Dependence of INa Steady State Inactivation was Reversibly
Hyperpolarized by ADP in a Subset of VSNs. VSNs received 150ms prepulses in
10mV increments from -130 to -20mV to steadily inactivate INa prior to a 50ms test pulse
to the voltage that elicited maximal INa (typically -20 to 0mV; see inset in panel A for
protocol). (A) In a representative type A VSN, ADP (100µM) enhanced the degree of
steady state inactivation of INa at more depolarized prepulses. (B) Quantification of the
voltage dependence of steady state inactivation from the VSN shown in panel A revealed
a reversible hyperpolarization in ADP (100µM) relative to baseline. (C) VSNs were
grouped based on their ∆V1/2 into a cluster where (1) the ∆V1/2 of ADP exceeded that in
control (“type A”) and (2) the ∆V1/2 was less then or equal to that in control (“type B”).
The difference in the average absolute ∆V1/2 of control and ADP (100µM) was
statistically significant in the type A (n=5/12, p<0.05) but not in the type B cluster
(n=7/12, p>0.05, one-way ANOVA). (D) In a different VSN, ATP (100µM) had no
noticeable effect on the steady state inactivation of INa relative to baseline. (E)
Quantification of the voltage dependence of steady state inactivation from the VSN
shown in panel D revealed no change in ATP (100µM) relative to baseline. (F) In the
group of VSNs tested with ATP (100µM), the difference in the average absolute ∆V1/2 of
control and ATP (100µM) was not statistically significant (n=6, p=0.16; paired samples ttest). ns – Not significant, * – p < 0.05.
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Figure 3.3. Suramin Abolished and OAG Mimicked the ADP Induced
Hyperpolarization in the Voltage Dependence of INa Steady State Inactivation.
VSNs received 150ms prepulses in 10mV increments from -130 to -20mV to steadily
inactivate INa prior to a 50ms test pulse to the voltage that elicited maximal INa (typically 20 to 0mV; see inset in panel A for protocol). (A) In a representative VSN, ADP
(100µM) in the presence of suramin (50µM) had no noticeable effect on the steady state
inactivation of INa relative to baseline. (B) Quantification of the voltage dependence of
steady state inactivation of the VSN shown in panel A revealed no change in ADP
(100µM) in the presence of suramin (50µM) relative to baseline. (C) In the group of
VSNs tested with ADP (100µM) in the presence of suramin (50µM), the difference in the
average absolute ∆V1/2 of control and ADP (100µM) in the presence of suramin (50µM)
was not statistically significant (n=9, p=0.52; paired samples t-test). (D) In a different
VSN, OAG (50µM) enhanced the degree of steady state inactivation of INa at more
depolarized prepulses. (E) Quantification of the voltage dependence of steady state
inactivation from the VSN shown in panel D revealed a reversible hyperpolarization in
OAG (50µM) relative to baseline. (F) In the group of VSNs tested with OAG (50µM),
the difference in the average absolute ∆V1/2 of control and OAG (50µM) was statistically
significant (n=7, p=0.002; paired samples t-test). ns – Not significant, * – p < 0.05.

Figure 3.4. The Time Dependent Recovery of INa from Inactivation was Unaffected
by ATP and ADP. Following a 150ms deinactivating voltage step to -130mV, VSNs
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received a 25ms test pulse to the voltage that elicited maximal INa (typically -20 to 0mV).
INa was then inactivated by a 150ms voltage step to -20mV before being allowed to
recover at -130mV for 0 to 15ms in 1ms increments. The extent of recovery was
determined by a final 25ms test pulse (see inset in panel A for protocol). (A) In a
representative VSN, ADP (100µM) had no noticeable effect on the time required for INa
to recover from inactivation. Dashed lines represent the omission of the -20mV
inactivating voltage step for clarity. (B) Quantification of the time dependent recovery
from inactivation of the VSN shown in panel A revealed no change in ADP (100µM)
relative to baseline. (C) In a different VSN, ATP (100µM) had no noticeable effect on
the time required for INa to recover from inactivation. Dashed lines represent the omission
of the -20mV inactivating voltage step for clarity. (D) Quantification of the time
dependent recovery from inactivation of the VSN shown in panel C revealed no change
in ATP (100µM) relative to baseline. (E) The difference in the average absolute ∆τ of
control and ADP (100µM) was not statistically significant (n=4, p=0.70; paired samples
t-test). In a different group of VSNs, the difference in the average absolute ∆τ of control
and ATP (100µM) was likewise not statistically significant (n=4, p=0.27; paired samples
t-test). ns – Not significant.

Figure 3.5. P2Y1, 2, and 6 Gene Expression was Detected in the VNO and P2Y1
and 2 were Expressed by Isolated VSNs. (A) RT-PCR with RNA from the VNO
showed gene expression of P2Y1, 2, and 6 receptors. bp – Ladder, Minus – No RT, Plus
– RT. (B) Immunocytochemisty with P2Y1 (left side) and 2 (right side) antibodies in
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isolated VSNs revealed uniform expression in the somas, dendrites, and dendritic knobs.
VSNs were identified by the presence of the dendrite and dendritic knob. Images were
obtained with a 40x objective at 68x magnification under phase contrast (PC; top panels)
or a TRITC filter (TRITC; bottom panels) at the same exposure for negative control and
experimental cover slips.

Figure 3.6. ADP Increased Spike Frequency at More Depolarized Current
Injections Without Altering Characteristics of the Action Potential. VSNs received
2s current injections in 2pA increments from 0 to 20pA to elicit action potentials. (A) In
a representative VSN, action potentials were elicited with as little as 2pA of current
injection. While not noticeably altering spike frequency at lower current injections
(<16pA), ADP (100µM) caused the spike frequency to return to the maximal rate of
firing at higher current injections (>16pA) relative to baseline. The dashed line
represents 0mV and was used as the cutoff for identifying an action potential. (B)
Quantification of the spike frequency from the VSN shown in panel A revealed a
reversible stabilization of the maximal rate of firing at higher current injections. (C) The
difference in the average percentage change in spike frequency of control and ADP
(100µM) at 6 to 16pA of current injection was not statistically significant (p>0.05), but
was statistically significant at 18 to 20pA of current injection (n=7, p<0.05, repeated
measures one-way ANOVA). (D) To analyze each action potential’s amplitude, latency,
halfwidth, and threshold voltage, a custom made script was written in MatLab. (E) The
difference in the average percentage change in latencies to first spike of control and ADP
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(100µM) at 6 to 20pA of current injection were not statistically significant (n=7, p>0.05,
repeated measures one-way ANOVA). (F) The difference in the average percentage
change in the amplitudes of control and ADP (100µM) at 6 to 12pA and 16 to 20pA of
current injection were not statistically significant (p>0.05), but were statistically
significant at 14pA of current injection (n=7, p<0.05, repeated measures one-way
ANOVA). (G) The difference in the average percentage change in halfwidths of control
and ADP (100µM) at 6 to 20pA of current injection were not statistically significant
(n=7, p>0.05, repeated measures one-way ANOVA). (H) The difference in the average
percentage change in the threshold voltages of control and ADP (100µM) at 6 to 16pA of
current injection were not statistically significant (n=7, p>0.05, repeated measures oneway ANOVA). ns – Not significant, * – p < 0.05.
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CHAPTER 4: CONCLUSION AND DISCUSSION
4.1. A Model of Purinergic Signaling in Vomeronasal Sensory Neurons
Olfaction, the sense of smell, is an essential component of survival for all animals.
The detection of volatile odorants by the main and accessory olfactory systems facilitates
the avoidance of environmental dangers such as fire and rotten food. However, animals
also release nonvolatile odorants, some of which are referred to as pheromones, that are
concentrated in bodily secretions like urine and exocrine gland fluids (Bacchini et al.,
1992; Kimoto et al., 2005; Leinders-Zufall et al., 2004; Nodari et al., 2008). Nonvolatile
odorants are often detected by the accessory olfactory system and mediate an array of
aggressive and sexual behaviors (Bellringer et al., 1980; Chamero et al., 2011; Johns et
al., 1978; Lomas and Keverne, 1982; Reynolds and Keverne, 1979; Stowers et al., 2002).
In rodents, many nonvolatile odorants are transduced by specialized chemosensory
receptor cells, the vomeronasal sensory neuron (VSN)s, that are present in the
vomeronasal organ (VNO). Amongst the sensory organs of the chemical senses,
including the main olfactory epithelium (MOE; Chapter 1, 1.6.1) and taste buds (Chapter
1, 1.6.2), purinergic signaling represents a unifying mechanism with multifaceted
contributions to tissue function. However, virtually nothing was known about purinergic
signaling in the VNO. In this dissertation, I explored two principle questions concerning
the presence of purinergic receptors and adenosine 5’-triphosphate (ATP) release
pathways in the VNO. Using luciferin-luciferase luminometry, mechanical stimulation of
the VNO induced a release of ATP that appeared to be through connexin or pannexin
hemichannels. Moreover, the ionotropic P2X receptors and G-protein coupled P2Y
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receptors were detected in the VNO. Activation of P2X receptors in VSNs led to a
depolarizing membrane conductance that partially summated with the chemosensory
response (Chapter 2). Although activation of P2Y receptors led to a hyperpolarization in
the voltage dependence of steady state inactivation of voltage activated sodium channel
(NaV)s in a subset of VSNs, membrane excitability was increased through a decrease in
spike adaptation during persistent firing (Chapter 3). These results have led to a
hypothetical model of purinergic signaling in VSNs (Figure 4.1). This chapter
summarizes the expression and functional role of the P2X and P2Y receptors and ATP
release pathways in the VNO. Special attention is paid to comparisons with the taste
buds and MOE, limitations, and future directions.

4.2. Expression of the P2X and P2Y Receptors
4.2.1. Summary
P2X2 and 3 receptors are expressed by the gustatory afferents that innervate the
taste buds (Bo et al., 1999). Moreover, P2X2 and 7 as well as P2Y1 and 2 receptors are
expressed by taste receptor cell (TRC)s while P2Y1 receptors are expressed by
presynaptic taste cell (PTC)s (Hayato et al., 2007; Huang et al., 2009). In the MOE,
P2X1 and 4 receptors are expressed by olfactory sensory neuron (OSN)s while P2Y
receptors, and to a lesser extent P2X receptors, are expressed by supporting and basal
cells (Czesnik et al., 2006; Hassenklöver et al., 2008; Hegg et al., 2003 and 2009). In the
VNO, two previous reports showed that (1) P2X3 receptors are expressed by VSNs while
P2Y1 and 2 receptors are diffusely distributed throughout the sensory epithelium (Gayle
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and Burnstock, 2004) and (2) P2X and P2Y receptors are expressed in the supporting and
basal cell layers of the sensory epithelium (Dittrich et al., 2013).
Gene expression of P2X1 and 3 receptors (Chapter 2) as well as P2Y1, 2, and 6
receptors (Chapter 3) was detected in the VNO by RT-PCR. Based on these results,
immunohistochemistry was performed in the VNO with P2X1 as well as P2Y1 and 2
receptor antibodies. Immunoreactivity for P2X1 receptors throughout the sensory and
nonsensory epithelia was observed. Within the sensory epithelium, P2X1 receptors were
present in the VSN but absent from the supporting cell layers (Figure 4.2).
Immunoreactivity for P2Y1 and 2 receptors throughout the sensory and nonsensory
epithelia was also observed. Within the sensory epithelium, P2Y1 and 2 receptors were
present in the VSN and supporting cell layers (Figure 4.2). The expression of P2X1 and
P2Y1 receptors in isolated VSNs was confirmed by immunocytochemistry utilizing the
same immunohistochemistry antibodies (Chapter 3). Unlike P2Y2 receptors, which
displayed no clear pattern in the nonsensory epithelium, P2X1 and P2Y1 receptors were
clustered around the mucosal glands that surround the large blood vessel. It is important
to note that some nonspecific signal was observed in this region of the negative controls
(i.e. omission of the primary antibody; Figure 4.2). Accordingly, the positive signal
observed for P2X1 and P2Y1 receptors in the mucosal glands that surround the large
blood vessel of the nonsensory epithelium should be interpreted with caution.

4.2.2. Future Directions
The taste buds, MOE, and VNO are similar in that P2X and P2Y receptors are
expressed in the chemosensory receptor cells while predominately P2Y receptors are
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expressed in the supporting cells/presynaptic cells. However, a limitation in the current
work, and indeed in most studies concerning the immunolocalization of P2X and P2Y
receptors, is the focus on P2X1, 2, and 3 in addition to P2Y1, 2, 4, and 6 receptors.
While it is accepted that these are the most commonly expressed P2X and P2Y receptors
in neurons and glia, the identification and localization of the remaining P2X and P2Y
receptors (with the notable exception of P2Y11 which is present only in humans;
Abbrachio et al., 2006) would provide evidence for additional roles in olfaction. All of
the immunohistochemistry and -cytochemistry experiments were performed with VNOs
harvested from the BALB/C and C57BL/6 mouse strains. This was done to compliment
the physiology experiments and reduce the possible confound of interstrain variation in
P2X and P2Y receptor expression, a phenomenon that was recently described for the
V1R/V2R receptors (Wynn et al., 2012). However, without molecular markers, it
remains difficult to definitively identify which cell types express the particular P2X and
P2Y receptors in the immunohistochemistry experiments. One experiment would be to
repeat the immunohistochemistry with VNOs harvested from green fluorescent protein
(GFP)/olfactory marker protein (OMP)-/- mice. In GFP/OMP-/- mice, GFP expression is
driven by the promoter for OMP, a protein expressed in all mature olfactory neurons, and
can be used to definitively identify VSNs. In the case of definitively identifying
supporting cells, molecular markers such as cytokeratin type II and calnexin have been
used but only in the MOE (Czesnik et al., 2006; Hassenklöver et al., 2008). Thus, an
important first step to test the reliability of these molecular markers of supporting cells in
the VNO would be to perform immunohistochemistry with VNOs harvested from
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GFP/OMP-/- mice. If cytokeratin type II or calnexin antibodies mark supporting cells in
the VNO, a nonoverlapping signal between GFP and anti-cytokeratin type II or -calnexin
interspersed amongst the dendrites should be observed.

4.3. Functional Role of the P2X Receptors
4.3.1. Membrane Excitability and Regulation of Intracellular Calcium
In P2X2/3-/- mice, application of salty, sweet, bitter, sour, and umami tastants to
the oral cavity no longer elicited depolarizations in the chorda tympani and
glossopharyngeal nerves (Finger et al., 2005). In TRCs, the P2X7 receptor agonist 2'(3')O-(4-benzoylbenzoyl) ATP elicits an increase in intracellular calcium ([Ca2+]I; Hayato et
al., 2007). In OSNs, ATP elicits an increase in [Ca2+]I and an inward current. While the
increase in [Ca2+]I elicited by ATP was likely a combination of P2X and P2Y receptor
activation, the inward current elicited by ATP was a result of P2X receptor activation
(Hegg et al., 2003).
In VSNs, ATP elicited a concentration dependent increase in [Ca2+]I that was not
mimicked adenosine or P2Y receptor agonists and eliminated in the absence of
extracellular calcium ([Ca2+]O). Furthermore, ATP elicited a concentration dependent
inward current that was also not mimicked by adenosine or P2Y receptor agonists,
sensitive to the purinergic receptor antagonists pyridoxal-phosphate-6-azophenyl-2’,4’disulfonate and 2',3'-O-(2,4,6-trinitrophenyl) ATP, and sufficient to trigger action
potentials. These results suggest that in VSNs, P2X receptors are responsible for the
increase in [Ca2+]I and inward current elicited by ATP (Chapter 2). In another report,
ATP did not elicit an increase in [Ca2+]I in the sensory neuron cell layer (Dittrich et al.,
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2013). These results are difficult to interpret given the immunohistochemical signal
observed for P2X1 (Figure 4.2) and P2X3 (Gaye and Burnstock, 2004) throughout the
sensory epithelium of the VNO and the increase in [Ca2+]I and inward current elicited by
ATP in VSNs (Chapter 2). However, the model system used by Dittrich and colleagues
(2013) was Xenopus laevis and not mouse or rat. Thus, a fundamental difference
between purinergic signaling in amphibian and rodent VNO is the presence of P2X and
P2Y receptors in VSNs of the latter. This hypothesis is partially supported by the results
indicating that ATP elicited an increase in [Ca2+]I in OSNs from the MOE of mice (Hegg
et al., 2003) but not of Xenopus laevis (Czesnik et al., 2006).

4.3.2. Modulation of Signal Transduction
Activation of the adenosine 2B receptor (A2BR) modulates sweet taste as
evidenced by decreased glossopharyngeal nerve responses to sweet stimuli in A2BR-/mice, the expression of A2BR by TRCS, and adenosine induced potentiation of the
increase in [Ca2+]I elicited by a mixture of sweet tastants in TRCs (Dando et al., 2012;
Kataoka et al., 2012; Nishida et al., 2014). However, no evidence for the involvement of
P2X and P2Y receptors in the modulation of tastant signal transduction in TRCs exists in
the literature. ATP attenuates the increase in [Ca2+]I elicited by a mixture of odorants in
OSNs. In the on-cell configuration, ATP decreases the inward current elicited by a cyclic
nucleotide cocktail that activates CNCs in OSNs (Hegg et al., 2003). The location of the
MOE in the nasal cavity maximizes the exposure to airflow and volatile odorants.
Consequently, pollutants and highly concentrated odorants have unrestricted access to the
MOE and can cause tissue damage significant enough to induce the release of ATP from
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necrosing cells (Hegg and Lucero, 2006). Thus, ATP may be neuroprotective against
excitotoxic challenge by inhibiting CNC conductance in OSNs. ATP is also released
constitutively in the MOE by activated P2X receptors, connexin and pannexin
hemichannels, and vesicles (Hayoz et al., 2012). Therefore, ATP may also tonically
inhibit CNC conductance in OSNs.
Unlike the MOE, the VNO is physically displaced from the nasal cavity. The
lumen of the VNO is only connected to the nasal cavity by the nasopalatine duct and
depends on a sympathetically driven vasomotor pump for the delivery of odorants (BenShaul et al., 2010; Meredith, 1994; Meredith and O’Connell, 1979; Wysocki et al., 1980).
Moreover, a type of solitary chemosensory cell (SCC) that can detect chemical irritants
resides just posterior of the nasopalatine duct and restricts odorant access to the lumen of
the VNO (Ogura et al., 2010). As odorants must not only be actively delivered to the
lumen by the vasomotor pump but also screened by SCCs, it seems unlikely that
pollutants or highly concentrated odorants would readily gain access to the VNO. This
leads to the hypothesis that ATP may not be neuroprotective against excitotoxic
challenge in the VNO. Accordingly, ATP increased the inward current elicited by the
natural stimulus dilute urine in VSNs. As the effect was a partial sum of the inward
currents elicited by dilute urine and ATP, it was likely the result of concomitant
activation of a P2X receptor and TRPC2 (Chapter 2).

4.3.3. Future Directions
TRCs, OSNs, and VSNs are similar in that activation of P2X receptors increases
[Ca2+]I and elicits an inward current. While P2X7 receptors are most likely responsible
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for the increase in [Ca2+]I and inward current in TRCs, which P2X receptors contribute to
the increase in [Ca2+]I and inward current in OSNs and VSNs are unknown. One
experiment would be to record single channel P2X receptor currents in the outside-out
configuration. By comparing P2X receptor single channel conductances in VSNs with
those published in the literature, the P2X receptors expressed by VSNs can be identified.
Another experiment would be to harvest VSNs following electrophysiological
characterization of their P2X receptors and perform single cell RT-PCR with primers for
P2X1-7 receptors. While these two approaches would provide compelling evidence for
the presence of particular P2X receptors, they would be technically challenging.
Amongst the different P2X receptors, the character of the inward current with respect to
deactivation kinetics are remarkably different. For example, P2X1 receptor currents
deactivate slowly while P2X3 receptor currents are transient. Therefore, the simplest
experiment would be to perform whole cell patch clamp, record P2X receptor currents,
and measure the τ of deactivation. The distribution of τ, be it either skewed (only fast or
only slow) or bimodal (mixture of fast and slow), would provide preliminary evidence for
the presence of particular P2X receptors.
While the adenosine but not P2X or P2Y receptors are involved in the modulation
of tastant signal transduction in TRCs, activation of P2Y receptors in OSNs attenuates
odor responses and activation of P2X receptors in VSNs enhances odor responses. This
represents a fundamental difference in two closely related olfactory systems whereby in
the MOE, ATP is an inhibitory neuromodulator, but in the VNO, ATP is an excitatory
signal. The modulation of signal transduction in VSNs by ATP was performed using
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only the natural stimulus dilute urine, a complex mixture of nonvolatile odorants. To
determine if specific odor responses are enhanced by ATP in VSNs, one experiment
would be to use putative mouse pheromones, such as sulfated steroids, in place of dilute
urine (Nodari et al., 2008). In addition, while the increase in [Ca2+]I and inward current
elicited by ATP were not mimicked by adenosine or P2Y receptor agonists, similar
experiments were not performed with the modulation of the inward current elicited by
dilute urine. To determine if the modulation of signal transduction in VSNs by ATP
involves activation of P2Y receptors in addition to P2X receptors, another experiment
would be to use dilute urine with P2Y receptor agonists.

4.4. Functional Role of the P2Y Receptors
4.4.1. Membrane Excitability and Regulation of Intracellular Calcium
ATP, adenosine 5’-diphosphate (ADP; Huang et al., 2009), and uridine 5’triphosphate (UTP; Baryshnikov et al., 2003) elicit an increase in [Ca2+]I in TRCS and
PTCs (Huang et al., 2009). None of the P2Y receptor agonists are effective at eliciting an
increase in [Ca2+]I in TRCs from P2Y1/2-/- mice (Huang et al., 2009). In OSNs, ATP,
and to a lesser extent UTP and ADP, elicit an increase in [Ca2+]I (Hegg et al., 2003). In
supporting cells of the MOE, ATP (Czesnik et al., 2006; Hassenklöver et al., 2008) and
UTP (Hegg et al., 2009) elicit an increase in [Ca2+]I that is attributable to P2Y receptor
activation. In the supporting and basal cell layers of the VNO, ATP elicits an increase in
[Ca2+]I that is also attributable to P2Y receptor activation (Dittrich et al., 2013).
In VSNs, ATP elicited a concentration dependent increase in [Ca2+]I that was
eliminated in the absence of [Ca2+]O. Furthermore, neither adenosine or any P2Y
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receptor agonist mimicked the increase in [Ca2+]I elicited by ATP (Chapter 2). Similar to
the modulation of signal transduction, another fundamental difference between the MOE
and VNO is that the increase in [Ca2+]I occurs through activation of P2X and P2Y
receptors in OSNs but solely through activation of P2X receptors in VSNs. However,
there is some evidence to suggest the presence of P2Y receptors in VSNs that do not
increase in [Ca2+]I but instead alter membrane excitability. In current clamped VSNs,
steadily increasing the amplitude of short duration depolarizations elicited an increase in
firing frequency. In some VSNs, spike adaptation occurred over time and was
manifested as an inability to retain maximal rates of firing when challenged with larger
depolarizations. In the presence of ADP, spike adaptation was reversibly decreased and
VSNs returned to the maximal rate of firing (Chapter 3).
In supporting cells of the VNO, ATP and ADP elicited an increase in [Ca2+]I. For
these experiments, supporting cells were identified by their characteristic columnar
morphology and absence of an increase in [Ca2+]I elicited by a sudden elevation of
extracellular potassium (Figure 4.3). While a propagation of the calcium wave was
consistently observed from the apical stalk to the basal endfoot of supporting cells of the
MOE (Hassenklöver et al., 2008; Hegg et al., 2009), this was only observed in a few
supporting cells of the VNO. While a fundamental difference between purinergic
signaling in amphibian and rodent VNO is the presence of P2X and P2Y receptors in
VSNs of the latter, a fundamental similarity is the presence of P2Y receptors in the
supporting cells. Like the MOE, the function of the supporting cells in the VNO is not
well understood.
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4.4.2. Modulation of Sodium Channels
In ventricular myocytes, ATP increases sodium current (INa) and hyperpolarizes
the voltage dependence of activation and steady state inactivation. A blocker of Gαs,
cholera toxin, has no effect on the increase in INa elicited by ATP (Scamps and Vassort,
1994). In dorsal root ganglion (DRG) neurons, ATP increases tetrodotoxin-resistant
(TTX-R) INa and decreased TTX-sensitive (TTX-S) INa. Moreover, the purinergic
receptor antagonists reactive blue-2 (RB-2) and suramin, as well as intracellular dialysis
of the G-protein blocker guanosine 5’-disphosphate (GDP)βs, has no effect on the
decrease in TTX-S INa elicited by ATP (Joo-Choi et al., 2003). These results suggest that
the modulation of voltage activated sodium channel (NaV)s by purine nucleotides occurs
independently of P2Y receptor activation. Accordingly, not only ATP, but ADP,
guanosine 5’-triphosphate (GTP), and GDP hyperpolarize the voltage dependence of
activation and steady state inactivation (Park et al., 2004). In hippocampal neurons, ATP,
GTP, and RB-2 increase INa and hyperpolarize the voltage dependence of activation and
steady state inactivation (El-Sherif et al., 2001). In ventricular myocytes, DRG neurons,
and hippocampal neurons, the modulation of NaV by ATP has been interpreted as a
direct association of ATP with NaV based on the similarities of the chemical structure of
ATP and different anesthetic, anticonvulsant, and antiarrhythmic drugs (Williams, 2006).
Unlike ventricular myocytes, DRG neurons, and hippocampal neurons, ATP had
no effect on the voltage dependence of activation, voltage dependence of steady state
inactivation, or time dependent recovery from inactivation in VSNs. However, while
ADP had no effect on the voltage dependence of activation or time dependent recovery
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from inactivation, the voltage dependence of steady state inactivation was hyperpolarized
in a subset of VSNs. In the presence of suramin, ADP did not elicit a hyperpolarization
in the voltage dependence of steady state inactivation. Moreover, the protein kinase C
(PKC) activator 1-oleoyl-2-acetyl-sn-glycerol (OAG) mimicked the hyperpolarization in
the voltage dependence of steady state inactivation elicited by ADP (Chapter 3). These
results are not in agreement with the direct association of ATP with NaV hypothesized in
ventricular myocytes, DRG neurons, and hippocampal neurons. Instead, these results
suggest that in some neurons, P2Y receptors may be involved in the modulation of NaV
through the activation of PKC with subsequent phosphorylation of NaV and stabilization
of the inactivated state. A similar hyperpolarization in the voltage dependence of steady
state inactivation by 5-HT2a and c receptor (Carr et al., 2002) and PKC activation
(Carlier et al., 2006; Franceschetti et al., 2000; Ikeda et al., 2005; Talon et al., 2005)
occurs in different types of neurons.

4.4.3. Future Directions
The taste buds, MOE, and VNO are similar in that activation of P2Y receptors
increases [Ca2+]I in the supporting cells/presynaptic cells. Conversely, the taste buds and
MOE differ from the VNO in that the activation of P2Y receptors increases [Ca2+]I in the
chemosensory receptor cells of the taste buds and MOE but not the VNO. However, a
limitation in testing for P2Y receptors in increasing [Ca2+]I is the use of isolated VSNs.
No matter the yield, isolated VSNs only reflect a small sample of the VNO. One
experiment would be to use a slice preparation of the VNO to see if small subpopulations
of VSNs exhibit an increase in [Ca2+]I elicited by P2Y receptor agonists. Nevertheless, as
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ADP is a potent agonist at P2Y1 receptors (Abbracchio et al., 2006), the modulation of
membrane excitability and NaV in VSNs along with the increase in [Ca2+]I in supporting
cells elicited by ADP is in agreement with the immunohistochemistry (Figure 4.2) and cytochemistry experiments (Chapter 3) that indicated a positive signal for P2Y1 receptors
in VSNs and immunohistochemistry experiments (Figure 4.2) that indicated a positive
signal for P2Y1 receptors in the supporting cell layer of the VNO.
While ADP hyperpolarized the voltage dependence of steady state inactivation in
a subset of VSNs, an effect that was eliminated in the presence of suramin and mimicked
by OAG, another experiment would be test ADP in the presence of the PLC blocker
U73122. As P2Y1 receptors couple to PKC through PLC activation (Abbracchio et al.,
2006), it is hypothesized that U73122 would prevent the hyperpolarization in the voltage
dependence of steady state inactivation elicited by ADP. Surprisingly, ADP reversibly
decreased spike adaptation and VSNs returned to the maximal rate of firing. However,
firing frequency was also increased in pyramidal neurons by OAG (Franceschetti et al.,
2000) and DRG neurons by ATP (Yosuf et al., 2011) despite inducing a
hyperpolarization in the voltage dependence of steady state inactivation. The dichotomy
in these results suggests an additional ion channel is modulated by P2Y receptors in
VSNs. Big conductance calcium activated potassium channel (BK)s underlay persistent
firing in VSNs (Ukhanov et al., 2007). As a result, it is hypothesized that activation of a
P2Y receptor potentiates IBK, perhaps in a similar manner to other cells (Coppi et al.,
2012; Hede et al., 2005; Schicker et al., 2010), thereby decreasing spike adaptation. One
experiment would be to record potassium current (IK) in the presence of (1) ADP and (2)
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the IBK blocker iberiotoxin (IbTX) with ADP to see if IK is only potentiated in the former.
Another experiment would be to induce spike adaptation with IbTX before using ADP to
see if P2Y receptor activation decreases spike adaptation.
Immunohistochemistry experiments also indicated a positive signal for P2Y2
receptors in the VSN and supporting cell layers of the VNO (Figure 4.2). While UTP is a
potent agonist at P2Y2 receptors (Abbracchio et al., 2006), no increase in [Ca2+]I was
elicited by UTP in VSNs or supporting cells (Chapter 2 and Figure 4.3). One experiment
would be to evaluate membrane excitability and the voltage dependence of activation,
voltage dependence of steady state inactivation, and time dependent recovery from
inactivation in VSNs in the presence of UTP. Since P2Y2 receptors also couple to PKC
through PLC activation (Abbracchio et al., 2006), it is hypothesized that UTP may mimic
the effects of ADP by hyperpolarizing the voltage dependence of steady state inactivation
and decreasing spike adaptation.

4.5. ATP Release Pathways
4.5.1. Summary
Application of a bitter tastant mixture to circumvallate papillae induces the
release of ATP (Finger et al., 2005). Furthermore, depolarization of TRCs by voltage
steps (Romanov et al., 2007) or activation of transient receptor potential cation channel
subfamily M member 5 by a tastant mixture (Huang et al., 2010) induces the release of
ATP, presumably through pannexin1 hemichannels (Huang et al., 2007). A feedforward
autocrine loop, whereby the ATP released from TRCs binds to P2X2 and P2Y1 receptors
expressed by TRCs, induces the release of additional ATP (Huang et al., 2009 and 2011).
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In the MOE, pollutants and highly concentrated odorants induce the release of ATP from
necrosing cells (Hegg and Lucero, 2006). However, there is also a constitutive pathway
for the release of ATP including activated P2X receptors, connexin and pannexin
hemichannels, and vesicles (Hayoz et al., 2012).
In order to gain access to the contents of the nasal cavity, a sympathetically driven
vasomotor pump results in continual contractions and relaxations of the VNO to draw
fluids and dissolved odorants into the lumen for detection (Ben-Shaul et al., 2010;
Meredith, 1994; Meredith and O’Connell, 1979; Wysocki et al., 1980). In a number of
other tissues including the retina, urinary bladder, nephron of the kidney, lung, and
cochlea, ATP is released by mechanosensitive connexin/pannexin hemichannels (Chen et
al., 2010; Homolya et al., 2000; Newman, 2001; Sipos et al., 2009; Zhao et al., 2005). In
the VNO, connexin 36, 31.1, and 30.1 are expressed in the sensory epithelium (Zhang
and Restrepo, 2003; Zheng-Fischhöfer et al., 2007; Zheng-Fischhöfer et al., 2007).
Mechanical stimulation induced the release of ATP from the VNO as detected by
lucifern-luciferase luminometry. In the presence of the connexin/pannexin hemichannel
blocker carbenoxolone, mechanical stimulation did not induce the release of ATP from
the VNO (Chapter 2). Therefore, it is hypothesized that the vasomotor pump may serve a
dual purpose in delivering odorants to the lumen of the VNO for detection and triggering
a release of ATP that enhances odorant responses in VSNs by activation of P2X receptors
and increases [Ca2+]I in supporting cells by activation of P2Y receptors.
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4.5.2. Future Directions
The taste buds, MOE, and VNO are similar in that connexin/pannexin
hemichannels are a common ATP release pathway. Conversely, the MOE may differ
from the taste buds and VNO by the presence of a constitutive pathway for the release of
ATP that also depends on activated P2X receptors and vesicles. In the VNO, there may
be additional ATP release pathways and the cell type(s) that releases ATP is unknown.
HEK or CHO sniffer cells positioned in a slice preparation of the VNO can be used to
probe additional ATP release pathways. One experiment would be to examine whether a
constitutive release of ATP occurs in the sensory epithelium of the VNO and if
pharmacological interventions such as carbenoxolone, suramin, or the vesicular release
blocker botulinum toxin A, decrease the release of ATP. To elucidate which cell type(s)
in the sensory epithelium of the VNO is responsible for the mechanosensitive release of
ATP, one experiment would involve a slice preparation and point mechanical stimulation
of cells using graded physical contact of patch clamp glass with a small metal bead
inserted into the tip with the cell membrane. In this way, any resulting [Ca2+]I waves can
be tested pharmacologically with suramin or the ATPase apyrase to determine if they
spread dependent upon the release of ATP.

4.6. Purinergic Sigaling in Odorant-Driven Behaviors
The evidence that purinergic signaling modulates odor sensitivity at the
chemosensory receptor cell level in the MOE and VNO suggests that purinergic signaling
may contribute to odorant-driven behaviors. Even though P2X2/3-/- mice can no longer
properly discriminate between sweet, bitter, umami (Finger et al., 2005), and salt tastants
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(Eddy et al., 2009), they still select the flavor that was paired with monosodium
glutamate in the two bottle preference test (Stratford and Finger, 2011) and avoid bitter as
well sour tastants in brief-access testing (Hallock et al., 2009). These results are likely to
have arisen from the conditioning of postingestive effects with the flavor of the solution
or odor of the tastants and indicate that P2X2/3-/- mice have a normal capacity for general
olfaction. Similarly, P2X4-/- mice were not different relative to wildtype mice in either
the frequency or duration spent sniffing a novel scented block following habituation to a
different scented block (Wyatt et al., 2013). However, fasted mice that had ATP nasally
administered exhibited an increased latency in finding a scented sugar cube relative to
control mice (Colleen Hegg and Mary Lucero, personal communication, May 14, 2014).
While these results are consistent with the involvement of P2Y and not P2X receptors in
the attenuation of odor responses in OSNs, additional experiments are needed to clarify
whether a behavioral phenotype exists that is dependent upon purinergic signaling in the
MOE.
Conversely, P2X4-/- mice exhibit a decrease in total sniffing bouts of a strange
mouse, specifically the abdomen, relative to wild-type mice (Wyatt et al., 2013). It is
possible that P2X4 receptors are expressed in the VNO and contribute to the
enhancement of odor responses in VSNs. Regardless, these are the first results to
implicate P2X receptors in an odorant-driven behavior. To provide a definitive link
between purinergic signaling in the VNO and odorant-driven behaviors, additional
experiments are needed. One experiment would be to test P2X2/3-/- mice by placing male
mice together, one of which is the resident male (i.e. home cage) while the other is the
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intruder male, and quantifying the degree of aggressive behavior directed by the resident
at the intruder male. Another experiment would be to test P2X2/3-/- mice by placing male
and female mice together and quantifying the frequency as well as duration of male
mountings. Admittedly, the interpretation of these experiments would difficult due to the
ubiquitous expression of P2X2 and 3 receptors in the nervous system and the cooperative
role of the MOE in detecting some pheromones. An alternative, but more challenging
approach, would be to instead use a conditional knockout mouse where P2X2 and 3
receptors are selectively lost from the VNO. In addition, nickel sulfate could be nasally
administered to selectively destroy the MOE and leave the VNO intact. In conclusion,
determining whether a behavioral phenotype exists upon loss of purinergic signaling in
the VNO is a crucial first step in broadening the scope of the research discussed in this
dissertation beyond the gene, protein, and single cell level.
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Figure Legends
Figure 4.1. A Hypothetical Model of Purinergic Signaling in VSNs. (1) The animal is
at rest or unstimulated. (2) Upon stimulation, sympathetic activation of the vasomotor
pump draws fluids into the lumen of the VNO for detection (in this case, urine). The
mechanical stimulation of the VNO induces the release of ATP. (3) Components of urine
bind to V1R/V2R receptors on the microvilli and activate a TRPC2 conductance of Na+
and Ca2+. Simultaneously, ATP binds to P2X receptors on the soma and activates a
conductance of Na+ and Ca2+ that partially summates with the TRPC2 conductance. The
resulting action potentials are propogated to synaptic contacts in the olfactory bulb. (4)
As the fluids are cleared from the lumen of the VNO, ATP is broken down by the action
of ubiqutous ectoATPases into ADP. (5) ADP binds to P2Y receptors on the soma and
hyperpolarizes the voltage dependence of steady state inactivation in a subset of VSNs.
Similarly, ADP binds to P2Y receptors on the soma and modulates a different ion
channel which decreases spike adaptation in VSNs.

Figure 4.2. P2X1, P2Y1, and P2Y2 were Expressed in the VNO.
Immunohistochemistry was performed with the same P2X1 as well as P2Y1 and 2
receptor antibodies used for immunocytochemistry. The VNO was fixed in 4%
paraformaldehyde in 0.1M phosphate buffer (PBS) for 1 hour, washed twice with 0.1M
PBS, and embedded in 15% gelatin for 1 hour. The VNO was washed six times for 10
minutes with 0.1M PBS before cryoprotecting with graded sucrose solutions consisting of
0.5M, 1M, 1.5M, and 2M sucrose in 0.1M PBS. A Microm-HM505E cryostat was used
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to slice 20µm coronal sections. The sections were washed in preincubation buffer (6.5%
normal goat serum and 10% triton-X-100 in 0.1M PBS) and incubated in either the P2X1
(1:500 dilution), P2Y1 (1:100 dilution), or P2Y2 (1:500 dilution) receptor primary
antibody for 24 hours at room temperature. A negative control was performed with each
experiment and consisted of omitting the primary antibody (leftmost column). After
incubation in the appropriate primary antibody, the sections were washed six times with
0.1M PBS for 10 minutes and incubated in the secondary goat anti-rabbit TRITC
conjugated antibody (1:1000 dilution) for 1 hour. The sections were washed a final time
with 0.1M PBS, mounted with Fluoromount-G for 24 hours, and imaged with a Zeiss
Axioskop2 microscope. Images were captured using the same exposure for control and
experimental slides with a Photometrics CoolSnap EZ camera utilizing NIS Elements and
processed with Image J and Adobe Photoshop. A positive signal for P2X1, P2Y1, and
P2Y2 receptors was observed throughout the sensory and nonsensory epithelia (middle
column). While a positive signal for P2X1, P2Y1, and P2Y2 receptors was seen in the
sensory neuron cell layer, the P2Y1 and 2 receptors appeared to be more concentrated
then the P2X1 receptor in the supporting cell layer (rightmost column).

Figure 4.3. ATP and ADP Elicited an Increase in [Ca2+]I in Isolated Supporting
Cells. Supporting cells were enzymatically isolated with trypsin and collagenase. After
plating on ConA-coated glass coverslips, supporting cells were incubated in 5µM fura-2,
AM and 0.05% pluronic F-127 dissolved in DMSO in Ringer’s solution (in mM: 138
NaCl, 5 KCl, 10 HEPES, 2 MgCl2, 2 CaCl2, 10 Glucose; pH 7.4) for 15 minutes. Each
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recording session began following a wash in Ringer’s solution for 10 minutes. Only
supporting cells with stable baselines were used. Images were captured every 5s with
excitation wavelengths of 340nm and 380nm and an emission wavelength of 510nm. All
changes in [Ca2+]I were recorded as changes in the fluorescent ratio (F340/F380) and
background subtracted before analysis. Supporting cells were identified morphologically
and by the absence of an increase in [Ca2+]I elicited by 50mM KCl. 100µM ATP, ADP,
UTP, and UDP were applied for 30s and separated by 2 minute washes. In a
representative supporting cell, 100µM ATP and 100µM ADP elicited reproducible
increases in [Ca2+]I while 100µM UTP, 100µM UDP, sand 50mM KCl did not elicit any
change in [Ca2+]I. The histogram shows the average change in [Ca2+]I of every
supporting cell tested with 100µM ATP (n=11; 0.18 ± 0.05 F340/F380), 100µM ADP
(n=11; 0.27 ± 0.15 F340/F380), 100µM UTP (n=11; 0.03 ± 0.01 F340/F380), 100µM UDP
(n=11; 0.01 ± 0.01 F340/F380), and 50mM KCl (n=7; 0.004 ± 0.004 F340/F380).
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